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ABSTRACT OF DISSERTATION
The Structure of Broad Line Region and the Effects of Cooling Function in Active
Galactic Nuclei
Active Galactic Nuclei (AGNs) are the most mystic objects in the universe. They are
usually very far away from our Galaxy, which means that they are ancient objects.
They are also luminous and have unique features in their spectra. Studying AGNs
helps understanding the early universe and the evolution of galaxies. This Disserta-
tion aims to research the structure of AGNs and the cooling function in the AGNs
environment.
I first investigate what optical/ultraviolet spectroscopic features would be pro-
duced by Broad-line Region (BLR) clouds crossing our line of sight to the accretion
disk, the source of the optical/UV continuum. This research, prompted by recent
X-ray observations, suggests that single cloud has little effect on the optical/UV spec-
trum. However, an ensemble of clouds produces a strong distinctive feature between
the Lyman limit and Lyα. The extent of these features indicates the line-of-sight
covering factor of clouds and may explain the ubiquitous AGN spectral break around
1100Å.
I next study, considering the physical parameters of AGNs, how the gas cooling
function changes at high temperature (T > 104 K) over a wide range of density
(nH < 1012 cm−3) and metallicity (Z < 30Z). I find that both density and metallicity
change the ionization status of the gas. I provide numerical cooling functions by
describing the total cooling as a sum of four parts: that due to H&He, the heavy
elements, electron-electron bremsstrahlung, and grains. Finally, I also provide a
function giving the electron fraction, which can be used to convert the cooling function
into a cooling rate.
Last, I extend the cooling-function study to the seldom-explored low-temperature
range (T < 104 K). For primordial gas, gas lacking elements heavier than B, I find
that radiative attachment and Compton recoil are important cooling processes when
the gas kinetic temperature is lower than the temperature of the cosmic microwave
background. I also find that collisional de-excitation of HD and H2 is not important
above 1000K unlike claims of previous studies. For the dust-free solar case, we identify
water as the dominant coolant in high density-environments. We also analyze the
parameter ranges where metal, metal molecules, or all molecules, dominate the total
cooling. We provide the density, above which the metal or metal molecules become
the dominant coolants, as a function of temperature and metallicity. For the ISM
case, with dust and depleted abundances, we find that dust does not directly cool the
gas. Rather, dust modifies he cooling by affecting the chemistral balance. Similar to
the high-temperature case, I also provide numerical cooling data.
KEYWORDS: active galactic nuclei, broad line region, cooling function, ionization
shift, molecular cooling
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Chapter 1 Introduction
Our universe was created in the Big Bang, therein releasing the first set of matter.
After 15 billion years of evolution, we arrived at our current universe that contains
planets, stars, nebulas, and galaxies. However, what happened during these first 15
billion years to produce such an amazing universe now? While this is still an open
question, there are probes that give us clues to help answer this question. One of
these probes is Active Galactic Nuclei (AGNs).
1.1 Active Galactic Nuclei
The term Active Galactic Nuclei describes the region located in the nucleus of a galaxy
having strong energetic activities that cannot be explained by stars. If a galaxy hosts
an AGN, it is called active galaxy.
AGNs are all incredibly luminous objects, typically having luminosities L =
1044 ∼ 1046 erg s−1 (Peterson 1997; Laor 2001; McLure & Dunlop 2001; Oshlack
et al. 2002; Woo & Urry 2002). The energy emitted by AGN is often higher than it
emitted by all stars in the host galaxy and has significant features in all portions of
the spectrum.
The Spectral Energy Distributions (SEDs) of AGNs have several observed fea-
tures: it varies over time; it extends from the X-ray to the radio; it has broadened
emission lines, which cannot be explained by gas thermal motion; the SED has a “big
blue bump”; there is always a local minimum around 1µm and is colloquially called
“the IR bump”.
Another property of AGNs is their large distance from the Milky Way. Thanks to
the brightness of AGNs, they are the farthest objects we can observe. They can even
be seen back to redshift z = 10, corresponding to look-back time of 13 billion years.
Interestingly, AGNs are the oldest objects we can detect. For this reason, studying
AGNs can help us reveal the mysteries of early universe.
1.1.1 Different Types of AGNs
AGN are separated into several different types based on their spectral characteristics.
1
1.1.1.1 Seyfert Galaxies
Seyfert galaxies are the most common AGNs. Their luminosities are relatively low
compare with other AGNs and are spectrally characterized by strong and highly
ionized emission lines. By the differences of these emission lines, Seyfert galaxies
are divided into two main subtypes: Seyfert 1 and Seyfert 2 galaxies (Khachikian
& Weedman 1974). Spectra of Seyfert 1 galaxies have both narrow emission lines,
which are from low-density ionization gas with a velocity dispersion of ∼ 100 km/s,
and the broad emission lines, which are from high-density ionized gas with a velocity
dispersion of ∼ 104 km/s. On the other hand, Seyfert 2 galaxies only have narrow
line features. There are also intermediate types between typical Seyfert 1 and Seyfert
2 types. If a Seyfert galaxy has broad line features but not so strong as standard
Seyfert 1 galaxies, this galaxy will be classified as Seyfert 1.5, 1.8 or 1.9 galaxies
(Osterbrock 1981) depending on the strength of their broad line features.
1.1.1.2 Quasars
Quasars (or QSO) are the most luminous AGNs. Compared with Seyfert galaxies,
stellar absorption features are shallower and the relative strength of the narrow line
to the broad line is weaker in spectra of quasars than in them of Seyfert galaxies.
Though the first found quasar is a radio-loud source, most of them are radio-quite,
only ∼ 10% of quasars are radio-loud.
Initially, term “quasar” and “QSO” indicate different kinds of AGNs, where quasars
are radio-loud and QSO are radio-quiet. At the beginning, astronomers believed
these luminous objects found in radio survey are stars so that they call these radio
loud objects “quasi-stellar radio source”, or short for “quasar”. While QSO was short
for “quasi-stellar objects” and it referred to star-like radio-quite luminous objects.
However, we currently call an object quasar no matter whether it is radio-loud or
radio-quiet.
1.1.1.3 Radio Galaxies
Generally, radio galaxies are the radio-loud Seyfert Galaxies. Like the Seyfert Galax-
ies, radio galaxies have two main type: broad-line radio galaxies (BLRGs), corre-
sponding to Seyfert 1 galaxies, and narrow-line radio galaxies (NLRGs), correspond-
ing to Seyfert 2 galaxies.
2
1.1.1.4 LINERs
LINER is short for “low-ionization nuclear emission-line” region galaxy. This kind
of AGNs is relatively dim compared with other types. Their spectra are similar to
Seyfert 2 Galaxies except they have stronger low-ionization line, such as [O I] λ6300.
1.1.1.5 Blazars
Blazars are the AGNs with the largest spectra variability in short time. Their emis-
sions have highly polarized features compare with other AGNs. Blazars are all radio-
loud objects.
1.1.2 Engine of AGN
Observations of AGNs suggest that the upper limit of the nuclei size is 0.7pc (Filip-
penko et al. 1993). Rapid variability of AGNs continuum even reduce this number to
∼ 0.01 pc (Bentz et al. 2010). Rees (1984) suggested that gravitational accretion of
supermassive black holes (SMBHs) could emit large amount energy in such a small
region; therefore, the engine of AGN should be SMBH.
Assume M˙ is the accretion rate and the energy convert from gravity energy by
accretion is
L =
GMM˙
r
(1.1)
where G is gravitation constant, M is the mass of the SMBH, and r is the most inner
radius of accretion disk. The radius of most inner stable orbit of accretion disk is
5Rs, where Rs = 2GM/c2 is the Schwarzschild radius. Let, r = 5Rs then
L =
GMM˙
5Rs
= 0.1M˙c2 (1.2)
Let η = L/M˙c2 be the energy converting efficiency. Eq (1.2) indicates that the energy
converting efficiency of accretion is 0.1, which is much larger than nuclear fusion’s
∼0.007. For typical AGNs with luminosity 1046 erg/s, this also suggests that typical
SMBH accretion rate of AGN is M˙ ≈ 2Myr−1, where M is solar mass.
1.1.3 Model of AGNs
A unified model of AGNs was established after astronomers realized Seyfert Galaxies
and quasars are the same similar objects in the mid-1970s when Weedman (1976)
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suggested so. Figure 1.1 shows a sketch of the AGN unification model. In this model,
a SMBH, whose mass is aboutM = 106 ∼ 108M (Ho 1999; Kaspi et al. 2000; Onken
& Peterson 2002), is located at the center. Around the SMBH is the accretion disk
and torus. Above the accretion disk and torus is the broad-line region (BLR) and
narrow-line region (NLR). Apart from these, there is also a jet perpendicular to the
accretion disk.
Figure 1.1: AGN unification model. The spectra of AGN depend on the observing an-
gle of observer. (Source: http://www.scholarpedia.org/article/File:AGN-scheme.jpg)
Different viewing angles decide what kind of AGNs we see. If the angle between
line of sight and accretion disk is low, then we will see a Seyfert-2 galaxy, whose
broad-line emissions are largely absorbed by the torus along the line of sight. If the
angle is higher, then the broad-line emission feature would be stronger, and a Seyfert
1 galaxy will be seen. If the angle is almost parallel to the jets, only little of the light
from accretion disk is absorbed, we will see a very luminous object, a quasar.
4
1.2 Broad-line Region
The broad-line feature is an important and distinguishing feature in spectra of AGNs.
It appears in the ultraviolet/optical part of the spectra. This feature is from Broad-
line Region (BLR). Studying this region helps us reveal characters of central sources
that we are difficult to observe directly.
As its name implies, the most obvious feature of the BLR is the broad linewidth,
which is caused by a Doppler shift. The velocity dispersion of these lines is ∼
104 km/s, whose corresponding kinetic temperature is 109 K. Such a high kinetic
temperature indicates that the clouds bulk motion, rather than gas thermal motion,
is the source of this velocity dispersion.
The BLR is a highly ionized region. The famous broad lines, such as O VI
λ1032, 1038, Si IV λ1394, 1403, and C IV λ1548, 1551, come from highly ionized ions.
The ionization parameter U = nγ/ne, where nγ is ionizing photon density and ne is
electron density, can even reach ∼0.1 (Baskin et al. 2013).
The density of BLR is very high. The density is so high that forbidden lines,
lines that are not observed in terrestrial, have been collisionally de-excited. This
generates another feature of BLR spectra: missing forbidden lines. The absence of
the intercombination line C III]λ1909 suggests that the electron density ne is higher
than 108 cm−3. Baldwin et al. (1996) even pointed out this density may exceed
1012 cm−3 based on the appearance of strong Al III λ1857 line.
1.3 Accretion Disk of AGNs
Researches about the big blue bump suggest that the accretion rate of SMBH is likely
lower than the Eddington limit (Laor & Netzer 1989; Sun & Malkan 1989; Brunner
et al. 1997). This means that the matter located in the accretion disk feels a stronger
inward pull of gravity over the outward push of the radiative pressure. This also tells
us a α-disk model (Shakura & Sunyaev 1973) can be applied to AGNs.
What is the α-disk model? It is a model using the free parameter α to describe
viscosity ν of the accretion disk. The energy and angular momentum of a system
must be conserved. When matter falls in to the black hole, the gravitational energy
can be converted into thermal energy, so that total energy is conserved. The case
for angular momentum, however, is more complicated. Assuming a mass point is
orbiting a SMBH with radius r and mass m, then, using the viral theorem, we have
5
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Figure 1.2: Parameters of α-disk model. From top to bottom panel are temperature,
height of disk, density, and column density, respectively. This calculation assumes
α = 0.1, SMBH mass M = 108M and accretion rate M˙ = 1Myr−1.
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its velocity perpendicular to radius
v =
√
GMSMBH
r
(1.3)
where G is gravitation constant and MSMBH is the SMBH mass. Its corresponding
angular momentum would be
l = mvr = m
√
GrMSMBH (1.4)
If this mass point falls from radius rout to rin, then the difference of angular momentum
between these two radii
∆l = m
√
GMSMBH × (√rout −√rin) (1.5)
must be transported to the outer part of the accretion disk. Viscosity is used to
describe the torque that transports this angular momentum. The α-disk model argues
that the turbulence in the accretion disk can be the viscosity. This model describes
viscosity as
ν = αcsH (1.6)
where cs is sound speed and H is the height of the accretion disk. The free parameter
α in this case must smaller than 1. If α > 1, the turbulence will become supersonic
and heat the gas rapidly and eventually push α smaller than 1 (Shakura & Sunyaev
1973). Shields & Wheeler (1978) provided the physical parameters of α-disk model.
They gave
Σ = (1.4× 108 g cm−2)(α−
17
23∗ M
− 13
23
8 M˙
15
23 )R
− 39
46∗ (1.7)
H = (1.2× 1013 cm)(α
11
23∗ M
− 3
23
8 M˙
− 7
23 )R
9
46∗ (1.8)
ρ = (0.58× 108 g cm−3)(α−
28
23∗ M
− 16
23
8 M˙
22
23 )R
− 24
23∗ (1.9)
T = (4.3× 106 K)(α−
6
23∗ M
− 10
23
8 M˙
8
23 )R
− 15
23∗ (1.10)
where α∗ = α ÷ 0.1, M8 = M/108M, and R∗ = r/Rs. M , r, Σ, ρ, and T are the
black hole mass, radius, surface mass density, volume mass density, and temperature,
respectively. Figure 1.2 shows the numerical result of these parameters with typical
AGN conditions.
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1.4 Star Forming Disk
Knowing that the α-disk model can be applied to SMBH in AGNs, another question
arises: if the α-disk model uses turbulence to transport angular momentum, where
does this turbulence come from?
To answer this question, other conditions of AGNs must be considered. First, the
luminosity-metallicity relation of AGNs (Hamann & Ferland 1993, 1999) suggests that
AGNs contains plenty of heavy elements (called “metals” in astronomy). Considering
that AGN are old objects, there must be a mechanism that produces heavy elements
rapidly. Second, the outer region of the accretion disk in AGNs is massive and self-
gravitating (Paczynski 1978; Kolykhalov & Syunyaev 1980; Shlosman & Begelman
1987; Collin & Zahn 1999).
Figure 1.3: The structure of the star forming disk. (Adoption from Wang et al. 2010)
Star formation in AGNs is a great explanation that fulfills these two conditions.
Some work has verified that the region within ∼0.1 pc in the Galactic center exists ac-
tive star forming activities and they have the heaviest initial mass function (Paumard
et al. 2006; Nayakshin & Sunyaev 2005; Nayakshin et al. 2007; Bonnell & Rice 2008;
Hobbs & Nayakshin 2009). Goodman (2003) suggested self-gravitating disk could be
fragment to stars. The supernova nucleosynthesis provides the high metallicity of the
AGNs.
Based on these, Wang et al. (2010, 2011, 2012) established a model which pointed
out: 1, there is a star forming disk in the AGN; 2, this star forming disk can support
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α-disk. In this model, gas from torus falls into the accretion disk and forms stars, as
Figure 1.3 shows. The supernovae provide the turbulence viscosity, which is required
by α-disk model.
1.5 Star Formation and Cooling
A natural way to verify the availability of the star forming α-disk model is to explore
the stars that generated in AGNs. Because there is no telescope that is powerful
enough to resolve the center of AGNs, the theoretical analysis is the only method
left.
1.5.1 Star Formation
Stars form from collapse of clouds. Studies of star formation suggest that clouds
fragment due to gravity and form protostars. These protostars keep accreting material
from their surroundings and eventually ignite the nuclear fusion reactions.
From this procedure, fragmentation is the first step of the star formation. Frag-
mentation begins by assuming there is a stable uniform cloud, which obeys several
physical equations:
continuity equation
∂ρ
∂t
+∇ · (ρ~v) = 0 (1.11)
motion equation
∂~v
∂t
+ (~v · ∇)~v = −1
ρ
∇P −∇Φ (1.12)
Poisson equation
∇2Φ = 4piGρ (1.13)
ideal-gas state equation
P =
k
µ
ρT (1.14)
where t is time, ~v is particle velocity, P is gas pressure, Φ is gravity potential, k is
Boltzmann constant, and µ is average particle mass. Considering sound speed
cs =
√
(
∂P
∂ρ
)entropy (1.15)
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Eq (1.14) can be rewritten as
cs =
√
kT
µ
(1.16)
If some small disturbances happen to this cloud, its physical parameters will also be
changed. Let
ρ = ρ0 + ρ1 (1.17)
P = P0 + P1 (1.18)
Φ = Φ0 + Φ1 (1.19)
~v = ~v0 + ~v1 (1.20)
where subscript 0 indicates a stable state value and 1 indicates perturbation value.
Put these back to Eq (1.11) - (1.13), one can obtain equations for perturbation value:
∂ ~v1
∂t
= −∇(Φ1 + c
2
s
ρ0
ρ1) (1.21)
∂ ~ρ1
∂t
+ ρ0∇ · ~v1 = 0 (1.22)
∇2Φ1 = 4piGρ1 (1.23)
Eliminating ~v1 and Φ1, one can get an equation about ρ1:
(∇2 − 1
c2s
∂2
∂t2
+
4piGρ0
c2s
)ρ1 = 0 (1.24)
This equation has the plane wave solution
ρ1 = Ce
−i(~k·~r−ωt) (1.25)
with
−~k2 + ω2 + 4piGρ0
c2s
= 0 (1.26)
where ~k is the wave number and ω is the angular velocity. It is clear that if ω2 =
~k2 − 4piGρ0/c2s < 0, the perturbation density ρ1 will be divergent with the increase
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of time. Considering that the wavelength λ = 2pi/|~k|, the corresponding critical
wavelength is
λcritical =
√
c2s
Gρ0
=
√
kT
µGρ0
(1.27)
This means, if the linear scale of cloud exceeds this critical length (R > λcritical, where
R is the radius of the cloud), the cloud will begin to collapse. This criterion is called
Jeans criterion (Jeans 1902).
Another derivation of a cloud’s critical linear scale of collapse is to compare free-
fall time tff , which indicates the time a particle needs to free fall a certain length,
and thermal dynamical time td, associated with the time a particle passes a certain
length for a sound speed given by gas states. If tff < td, the gas pressure will not
be able to balance the gravity and the cloud begins to contract. Assuming the cloud
is a sphere and keeping the other assumptions same with the previous derivation of
Jeans criterion, the free-fall acceleration at radius r can be written as
~a = −MrG
r2
rˆ (1.28)
where Mr is the cloud mass within radius r, and rˆ is the unit vector of direction of
positive radius. The motion equation of a particle in free-fall will be
~¨r = −MrG
r2
rˆ = −4
3
pir3ρ
G
r2
rˆ = −4
3
piρG~r (1.29)
Taking the initial conditions into consideration, the solution is
~r = rˆr0 cos(t×
√
4
3
piρG) (1.30)
where r0 is the initial radius of the particle. Therefore, the free-fall time from radius
r0 is
tff =
√
3pi
16ρG
(1.31)
On the other hand, the thermal dynamical time is
td ≡ r0
cs
= r0
√
µ
kT
(1.32)
Letting tff = td, one obtains critical radius
rcritical =
√
3pikT
16ρGµ
(1.33)
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The only difference between these two critical values from the two derivations is
merely the different coefficients. They remain in the same order of magnitude.
Knowing the critical radius, the corresponding mass, Jeans mass MJ, can be
calculated. Assuming µ ≈ “hydrogen atom mass”, the Jeans mass is given as
MJ =
4
3
piρr3critical ≈ 2× 105M(
T
100 K
)
3
2 (
n
1 cm−3
)−
1
2 (1.34)
where n is particle number density. When a cloud has mass heavier than MJ, the
collapse will happen and a new star may appear in the end.
1.5.2 Cooling
The dependences of Jeans mass suggest that the star formation is largely dependent on
the gas temperature. Thus, investigating thermal balance and temperature evolution
would be a crucial part in understanding the star formation disk and the AGNs.
Temperature is decided by the thermal energy of the clouds. Considering an
isolated cloud, the only way to exchange energy between this cloud and outside would
be the absorption and emission of radiation. The absorption, which is usually called
heating in a thermal equilibrium calculation, strongly relies on a light source outside
the cloud. However, emission, which is called cooling, only depends on the state of
the cloud itself. Therefore, cooling can be used as a basic parameter that is useful
for the theoretical calculation of gas thermal equilibrium and star formation.
Most calculations of cooling assume that gas is in collisional ionization equilibrium
(CIE) and is optically thin. The former assumption means all species, or coolants,
have stable ionization and excitation status. The latter suggests that all photons
emitted by the gas can escape freely.
The total cooling is given by the summation of all light generated per unit time
and unit volume. The photon generation rate usually comes from physical experi-
ments or quantum electromagnetic calculations. The cooling usually depends on both
temperature and number density. If a realistic cooling is needed, a chemistry network
should be also solved. By calculating the chemical balance, the abundances of each
coolant are given. With these data, the calculated cooling is close to the real cooling
in gas. Numerical simulations are the most powerful technique of doing such cooling
calculations.
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1.5.3 Important Cooling Processes
Most cooling comes from such processes: collisional excitation, collisional ionization,
recombination, bremsstrahlung, and grain cooling. Here discusses the physics behind
these processes.
1.5.3.1 Collisionally-Excited Line Cooling
A collider collides a particle (an ion, an atom, or a molecule) and excites the particle
to a higher energy level. When temperature is high (T > 104 K), the collider is usually
electron. While H atom and H2 play collider’s role below 104 K. If the particle is
molecule, collision usually changes roviberation energy level. If the particle is atom
or ion, collision commonly changes electronic energy level. The collided particle can
return to the low energy level by producing an emission line. Emission line photon
escapes and cools the system. This process is called collisionally-excited Line cooling
and this particle is the coolant. Figure 1.4 shows the sketch of this process. This
process is an efficient cooling channel because excitation potentials of coolants are
low (such as HD, C II, and O III) and abundances of some coolants are high (for
example, H and H2).
El
Eh
photon
collider
Figure 1.4: Collisional excitation cooling process sketch map.
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Let nc presents collider density, nh and nl are the coolant densities at high and
low energy level. Then we can derive the excitation equilibrium equation
ncnlqlh = ncnhqhl + nhAhl (1.35)
where qlh and qhl are the collisionally excitation and de-excitation rate coefficient,
Ahl is the spontaneous de-excitation rate coefficient. From this, one can obtain the
density relation between high and low energy level
nh
nl
=
ncqlh
Ahl + ncqlh
(1.36)
With this, the collisionally-excited line cooling rate LC can be written as
LC = nhAhl∆E = ncnlqlh∆E(
1
1 + ncqhl
Ahl
) (1.37)
where ∆E is the energy between two energy levels. It is clear that if ncqhl/Ahl → 0
LC = ncnlqlh∆E (1.38)
If ncqhl/Ahl →∞
LC = nl
qlh
qhl
Ahl∆E (1.39)
Since rate coefficients in these equations are only depend on temperature, Eq (1.38)
and (1.39) actually suggest that, if collider density is large enough, increment of
it will not increase cooling rate as effective as when it is low. The cooling rate is
“suppressed”. Critical density
ncritical(i) =
∑
j<i
Aij/
∑
j 6=i
qij (1.40)
is used to describe this criteria (Osterbrock & Ferland 2006). The cooling is sup-
pressed at densities higher than critical density since the coolants populating higher
level go back to the lower level via collisional de-excitation rather than emitting pho-
ton. Permitted lines have critical densities of order 1010 ∼ 1015 cm−3 while forbidden
lines have typical values of 103 ∼ 104 cm−3 (Zheng 1988 and its references). Table
1.1 gives critical density for some common ions.
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Table 1.1: Critical Density for Collisional De-excitation
Ion Level ncritical(cm−3) Ion Level ncritical(cm−3)
C II 2P 03/2 5× 101 O III 1D2 6.8× 105
C III 3P 02 5.1× 105 O III 3P2 3.6× 103
N II 1D2 6.6× 104 O III 3P1 5.1× 102
N II 3P2 3.1× 105 Ne II 2P 01/2 7.1× 105
N II 3P1 8.0× 101 Ne III 1D2 9.5× 106
N III 2P 03/2 1.5× 103 Ne III 3P0 3.1× 104
N IV 3P 02 1.1× 106 Ne III 3P1 2.1× 105
O II 2D03/2 1.5× 104 Ne V 1D2 1.3× 107
O II 2P 05/2 3.4× 103 Ne V 3P2 3.5× 104
Note: All values are calculated for T = 104 K. Cite from Table 3.15 of Osterbrock & Ferland
(2006).
1.5.3.2 Collisional Ionization and Recombination Cooling
Only ions and atoms are the coolants of collisional ionization and recombination
cooling. In collisional ionization, a collider, mostly electron, collides with an ion or
an atom and generates a free electron and a new ion. If the gas is in CIE, this
ionization rate is equal to the recombination rate, and this process must be followed
by a recombination process. The new ion recombines with the free electron and
becomes the original ion or atom. During these processes, the free electron always
first goes to a high energy level, which is close to ionization edge, and generates a
free-bond continuum. This part is called recombination cooling. This electron keeps
emitting photon through recombination lines and final returns to the original energy
level. This part is collisional ionization cooling. Figure 1.5 shows the procedure of
these processes.
In pratical, collisional ionization is describe as
LC = ncncoolantE0Ccoolant (1.41)
where ncoolant, E0, and Ccoolant are coolant density, coolant ionization energy, and
coolant ionization rate coefficient, respectively. On the other hand, recombination
cooling is assume to roughly equal kT , where k is the Boltzmann constant and T is
temperature. This is lower to the average electron kinetic energy 3
2
kT because the
electrons with lower energy has higher recombination probability.
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Figure 1.5: Collisional ionization and recombination cooling processes sketch map.
1.5.3.3 Bremsstrahlung Cooling
Bremsstrahlung cooling (also called free-free cooling) is a process where a free electron
interacts with an ion or another free electron and emits a photon, as Figure 1.6 shows.
This process also produces a continuous spectrum. Since this process tends to behave
as a power law with the temperature, bremsstrahlung cooling dominates at higher
temperatures.
1.5.3.4 Grain Cooling
Grain cooling only occurs in dusty environments. Its amount depends on the grain
abundance. Briefly, particles hitting the grain will have, on average, an energy of
∼ 3/2kTgas. During the collision the particle is assumed to thermalize with the grain,
so after it leaves it will have an average energy ∼ 3/2kTgrain. If Tgas > Tgrain, which
is usually the case, the particle will have lost energy. This will be stored as internal
energy of the grain (enthalpy) and eventually radiated away as thermal emission of
the grain.
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e
X
Figure 1.6: Bremsstrahlung (free-free) cooling process sketch map. X in the Figure
is a charged particle and e is Electron.
1.6 This Dissertation
This dissertation discusses the structure of BLR and its cooling function. This cooling
function is universal so has many other applications. In chapter 2, I simulate the
spectra of BLR clouds and estimate how the line of sight BLR clouds influence the
observed AGN spectra. Based on these results, I explain why the Lyman limit spectral
break is missing in AGN spectra. In chapter 3, the high-temperature cooling function
is discussed for a wide range of density and metallicity. The cooling in Chapter 3
is mainly atomic cooling and bremsstrahlung cooling due to the temperature range
considered. In chapter 4, I analyze the low temperature cooling, which is dominated
by the molecule cooling. I also provide the numerical results from work in chapter 3
and 4. Chapter 5 gives a summary of main results of this dissertation.
Copyright© Ye Wang, 2014.
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Chapter 2 Intervening Broad-line Region Clouds’ Effects on the
Optical/Ultraviolet Spectrum
2.1 Introduction
The nature of the Broad Line Region (BLR) of Active Galactic Nuclei (AGN) is an
area of vigorous debate (see the summary by Wang et al. 2011, 2012; Osterbrock &
Mathews 1986; Korista 1999; Ferland 2004). The BLR is used to measure black hole
masses and may be the avenue coupling feedback between the central black hole and
the surrounding galaxy. The picture that has emerged is one where a large number of
clouds orbit the central black hole (Arav et al. 1997, 1998). Some recent work on the
structure of AGN suggests that the clouds, which emit the broad lines in the UV and
optical, constitutes a flattened, self-shielding and physically thick system (Gaskell
et al. 2008), as Figure 2.1 shows. Indeed, it may provide the coupling between the
outer regions of the accretion disk and the inner parts of the obscuring dusty torus
(Wang et al. 2010). The accretion disk, BLR, and torus may be a continuous geometry
with matter flowing from the torus through the BLR, onto the disk and eventually
the black hole (Hu et al. 2008a,b). The geometry of individual BLR clouds, where
the strong emission lines form, is also uncertain. Some models that invoke winds off
the accretion disk (Wang et al. 2012), or a fine “mist” of small clouds (Arav et al.
1998), have been proposed.
Some recent work (Risaliti et al. 2005, 2007, 2009; Elvis et al. 2004; Puccetti
et al. 2007; Bianchi et al. 2009, 2012) suggests that BLR clouds may produce X-
ray absorption, which is very common in AGNs. In this work, X-ray absorbers are
described as clouds with linear dimension of the order of 1012 ∼ 1014 cm, velocities
in excess of 103 km s−1 and densities n ≈ 1010 ∼ 1011 cm3. The distance from the
X-ray source to the absorbers would be of the order of thousands of gravitational
radii, assuming that the clouds orbit the black hole with Keplerian velocities. The
similarity of these physical parameters to those of the BLR clouds suggests that they
are the same.
Observations of Mrk 766 (Risaliti et al. 2011, hereafter R11) and NGC 4395
(Nardini & Risaliti 2011) suggest that variations in the observed properties of the
X-ray absorption are due to the motion of X-ray absorbers across the line of sight
(LOS) between the observer and the X-ray source. R11 also argued that the absorbing
clouds have denser neutral core, which absorbs the X-rays, and an extensive “comet
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Fig. 3. A cartoon showing a cross section of an
AGN through the rotation axis.
it spirals in, the dust sublimates and we have
a dust-free BLR. Because the BLR and torus
are physically thick there must be a vertical
“turbulent” component of motion, vturb (see
Osterbrock 1978). At any given radius the re-
lationship between the various velocity com-
ponents is
vKep > vturb > vin f low ≈ 0.25vKep (1)
where vKep is the Keplerian orbital velocity.
To complete the picture, there is a higher
velocity, low-density outflow in the polar cones
which is indicated by the dotted arrows in Fig.
3 and is discussed elsewhere in these proceed-
ings. If we animate our cartoon then in a co-
rotating reference frame we would see turbu-
lent motions of the BLR with a slower net in-
fall (the white arrows in Fig. 3).
4.2. The mass inflow rate
Since we have estimates of the inflow velocity,
covering factor, gas density, and BLR radius
we can also estimate the mass inflow rate. This
is indeed similar to the accretion rate needed
to power the AGN. We therefore assert that the
BLR is the matter being accreted onto the black
hole.
4.3. High accretion rate AGNs
Our STOKES modelling of scattering off in-
falling regions shows that the blueshifting in-
creases with increasing column density (see
Fig. 2). It also depends, of course, on the
inflow velocity. The product of the column
density and the inflow velocity gives the
mass accretion rate. We therefore predict that
high-accretion-rate AGNs (narrow-line Seyfert
1s; NLS1s) will show higher blueshiftings.
Such large blueshifts, formerly interpreted as
strong winds, have indeed been found in
NLS1s (Sulentic et al. 2000; Xu et al. 2003;
Leighly & Moore 2004).
4.4. The BLR is the accretion disc
The net inflow implies that
(a) there is a mechanism (a “viscosity”)
to transport angular momentum outwards and
take away energy.
(b) energy is being generated as the BLR
falls in.
The need for enough viscosity to get the
observed inflow is the same as for classical
accretion discs. It is now recognized that this
viscosity comes from the magneto-rotational
instability (MRI; Balbus & Hawley 1991). We
propose that the MRI is also driving the inflow
of the BLR.
Our deduced motions of the BLR shown
in Fig. 3 and described in section 4.1
are qualitatively the same as the motions
shown by MHD simulations of accretion discs
(see, for example, the movies described by
Hawley & Krolik 2001). Furthermore, Gaskell
(2008) has pointed out that the size of the outer
regions of a typical accretion disk is compara-
ble to the size of the BLR. Given these simi-
larities, we propose that the BLR is the outer
accretion disc.
4.5. The narrow line region
As is discussed elsewhere in these proceed-
ings, there is no doubt that some of the narrow-
line region (NLR) is associated with the out-
flow in AGNs. However, the NLR also shows
increasing blueshiftings with ionization just
like the BLR, so Occam’s razor suggests that
much of the NLR is also inflowing.
Figure 2.1: The structure of the broad line regions of AGN (reproduced from Fig 6
of Gaskell (2009) with permission).
tail” of high ionization gas.
Beside the work on X-ray absorbers, studies of the BLR also suggest we may view
the central regions of most AGNs through the BLR. The BLR global covering factor
should be, on average, 40% (Dunn et al. 2007; Gaskell et al. 2007, 2008). Because of
the large vertical thickness of the torus, we usually view most type-1 AGNs within∼45
degrees of the polar axis (Smith et al. 2004). Considering these specifics of the BLR
geometry, the purpose of this chapter is to examine the observational consequences
of such geometry.
There have been a large number of studies of the emission properties of BLR
clouds. The most sophisticated are the “LOC” models that allow properties of clouds
to change within the BLR (Baldwin et al. 1995). These models largely reproduce
observed emission properties. This spectrum is not changed by the geometry proposed
in the R11. Rather, the novel aspect of this chapter is to consider the absorption
produced by emitting clouds. Some clouds lie along the line of sight to the central
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accretion disk and black hole and produce certain characteristic absorption features
on the accretion disk continuum. We show what effects clouds have on the optical
and ultraviolet continuum, and identify a broad feature below Lyα that appears to
be present. This has implications for the true SED of the accretion disk.
2.2 Parameters and Geometry of Clouds
2.2.1 Parameters of Clouds and Continuum Source
To know what effect the clouds will have on the observed spectrum, we need first to
compare the size scales of a cloud with the size of the continuum source. For instance,
if the cloud is larger than the continuum source, which is likely to be true at X-ray
energies, a single cloud can nearly fully block our view of the X-ray source. However,
if the cloud is much smaller than the continuum source, as we show seems likely for
the optical or ultraviolet, a single cloud may have little effect upon the spectrum and
we would mainly observe the effects of an ensemble of clouds.
We assume that the parameters derived by R11 and mentioned in the introduction
of this chapter are reasonable enough for a typical BLR cloud. Therefore we assume
a cloud density of nH = 1010 cm−3 and that the cloud column is NH = 1023 cm−2.
The corresponding linear scale of the cloud is 1013 cm.
R11 used XMM-Newton observations of Mrk 766 to derive the size of the X-
ray source. They did this by combining the transverse velocity of the clouds with
their occultation times derived from observed variability. They estimate that the
X-ray source has a size rxr between 20Rs and 100Rs, based on the highest physically
acceptable cloud velocity. They further argue that the source is likely to have a size
closer to the lower end of the range. The range corresponds to between rxr ∼ 1013 cm
and a maximum of rxr ∼ 1014 cm for Mrk 766.
This physical size of the X-ray source is close to the cloud length scale derived
above (R11). As a result a single cloud can easily block the X-ray source and strongly
absorb the X-ray spectrum, letting very little light pass to the observer if the cloud
column density is large enough. This is the essence of the R11 model.
In this chapter we ask what these intervening clouds will do to the UV/optical
spectrum. The radiation field in this spectral region is predominantly emitted by the
accretion disk surrounding the central black hole. For AGN Mrk 766 the parameters
are black hole mass M6 = 1.76+1.56−1.40(Bentz et al. 2009), where 1M6 = 106M and a
luminosity in the range L = 1044.0 erg s−1 to L = 1044.4 erg s−1(Vasudevan et al.
2010, we assume L = 1044.2 erg s−1). These correspond to an accretion rate of
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M˙ = 0.03 Myr−1(Equation 3.7 of Peterson 1997). The corresponding Eddington
ratio is 0.7.
We next estimate the size of the UV/optical continuum source with these pa-
rameters. There are different analytical forms of the temperature-radius relation for
disks around black holes. Bregman (1990) gives an expression for the temperature of
gas near the last stable orbit. This will be at far smaller radii than the parts of the
disk which emit in the FUV and optical. Wang & Zhou (1999) give expressions for
super-Eddington accretion. As shown above, the Eddington ratio is less than unity,
although there are substantial uncertainties and the ratio may be larger than one.
For simplicity, we assume a sub-Eddington thin disk that satisfies the standard α-disk
model (Shakura & Sunyaev 1973) and assume α = 0.1. For parts of the disk domi-
nated by gas pressure and free-free absorption, the relation between disk temperature
and radius should satisfy Eq (1.10).
We assume that the accretion disk radiates as a blackbody. Since the temperature
is a function of the radius of the disk, we can consider that the luminosity of light at
a particular frequency is also a function of the accretion disk’s radius. To describe
this function, we introduce the differential luminosity. This presents the intensity at
a particular frequency on one side of the accretion disk ring, whose center is the black
hole and width is a unit length. Assume r is radius, ν is frequency, ∆r is unit length.
The differential luminosity is then
Lν(r) = 2pir∆rBν(T ) (2.1)
Bν(T ) = (
2hν3
c2
)(exp(
hν
kT
)− 1)−1 (2.2)
Bν(T ) is Plank’s law. If T0 is the temperature at some radius r0, then the normalized
differential luminosity ratio is
ην(r) = Lν(r)/Lν(r0) = (r/r0)(Bν(T )/Bν(T0)) (2.3)
A numerical form of the normalized differential luminosity ratio for Mrk 766 is
plotted in Figure 2.2. This shows that flux at a frequency rises to a peak at some
radius and then vanishes rapidly. For simplicity, we can assume that the source of light
at that frequency is the accretion disk at the radius of maximum emission. With this
assumption, the linear scale of the UV/optical continuum source is 1013 ∼ 1015 cm,
several to hundreds of times large than clouds’ scale. This has important consequences
for what we observe at UV/optical wavelengths.
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Figure 2.2: The upper graph shows the normalized differential luminosity ratio ην(r)
and the lower graph shows the temperature T as the function of radius r for the
standard α-disk model described in the text. Parameters of Mrk 766 are used in this
figure.
2.2.2 Global and Line of Sight Covering Factor
The global covering factor is the fraction of sky as seen from the central engine that
clouds cover. This can be obtained, for instance, from the equivalent width of the
lines (Korista et al. 1997b). A typical global covering factor is 40% (Dunn et al. 2007;
Gaskell et al. 2007, 2008).
However, when we observe a galaxy, the absorption effects of clouds upon the
spectrum of the central engine is determined by the line of sight (LOS) covering
factor, the faction of the continuum source obscured by clouds. If the geometry is
spherically symmetric then the global and LOS covering factors will be the same.
However the geometry of an AGN is thought to have cylindrical symmetry, so a
particular LOS may or may not intersect clouds. The LOS covering factor may be
larger or smaller than the global covering factor, depending on where clouds lie with
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respect to our line of sight. The R11 results do suggest that clouds occur on the LOS
for the objects they studied. In the remainder of this chapter, the covering factor we
discuss is the LOS covering factor.
2.2.3 Geometry of Clouds
Here we will show the spectroscopic differences between two models: the classical
standard model that assumes that no clouds lie on the LOS and the R11 model in
which some clouds lie along the LOS. We will refer to the second as the Intervening
BLR cloud model (IBC model) in the remainder of this chapter. Differences in the
predicted spectra could be used to determine the LOS covering factor.
The standard model (Figure 2.3) presents the geometry most often assumed in
the literature. We receive light directly from the central continuum source and have
an unobstructed view of it. The clouds, which are energized by the central engine,
do not lie along the sight line between observers and the central engine.
This model was motivated by the fact that the column density in a typical BLR
cloud is large enough for it to be quite optically thick in the H0 Lyman continuum.
The standard model was originally suggested by the fact that we do not observe
the strong Lyman limit absorption that would be produced by clouds between the
observer and the central engine. We show below that realistic BLR clouds do not
produce a feature at the Lyman limit due to the presence of other opacity sources.
The IBC model is shown in Figure 2.4. As in the standard model, the clouds
reprocess the radiation field emitted by the central engine, but some occur along
our sight line to central regions. The cloud emission properties are unchanged, but
intervening clouds can absorb parts of the continuum produced by the central regions.
Intervening clouds can change the observed spectrum, especially the SED of the
central engine
Below we quantify differences in observed properties of these two models as a way
to test what actually occurs.
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Figure 2.3: Structure of the standard model. Clouds are not in the line of sight
between observer and light source.
Figure 2.4: Structure of IBC model. Some clouds lie along in the line of sight between
observer and light source.
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2.3 Photoionization Calculations
2.3.1 Calculations
In this chapter, we use typical values for cloud parameters, as given, for instance, by
Peterson (1997) or Korista et al. (1997b). Since the IBC geometry will not alter the
emission-line spectrum, we concentrate on the absorption produced by the clouds. We
assume that the clouds have a hydrogen number density of nH = 1010 cm−3. R11 infer
two components to a cloud, a core and halo, from their X-ray analysis. Accordingly,
we consider clouds with column densities ranging between NH = 1021 and 1023 cm−2.
Similarly we consider a range in distance between the central black hole and the cloud
between r = 1015 and 1017 cm. The effect of varying both density and radius is to
cover parts of the LOC plane described in Korista et al. (1997a). We vary the column
density because we are mainly interested in determining the UV/optical absorption
properties. Korista et al. (1997a) considers the effects of various column densities
in detail. As we show below the range of NH does change the observed absorption,
while previous work has shown that it has only a weak effect on the emission spectrum
(Korista et al. 1997a)
We simulate the spectrum with version 10.0 of the plasma code Cloudy, last
described by Ferland et al. (1998). The properties of such photoionization models are
described by Osterbrock & Ferland (2006); Ferland (1999, 2003). These properties are
not changed by the assumptions introduced in this chapter. We adopt the observed
luminosity of Mrk 766 of 1044.2 erg s−1 given above and use the Mathews & Ferland
(1987) SED. Solar abundances are assumed. We will show and discuss the results in
following sections.
The predicted X-ray spectra are shown in the right side of Figures 2.5, 2.6 and
2.7. These correspond to clouds at distances from the black hole of 1015 cm, 1016 cm,
and 1017 cm, respectively. The X-ray spectrum is nearly unchanged by clouds at the
smaller radius, expect for a few absorption lines produced at high column densities.
As the radius increases the ionization of the gas goes down and X-rays absorption
increases. These Figures also show the well-known effect that lower-energy photons,
with longer wavelength, are more easily absorbed due to the larger gas opacity.
The UV/optical spectra are shown in the left sides of these Figures. Clouds close
to the continuum source have little effect due to their high ionization and low opacity.
Emission and absorption lines begin to appear as the radius increases and the ioniza-
tion decreases. These features also become stronger when the cloud column density
is increased. The UV/optical absorption spectra, the new result of this chapter, are
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Figure 2.5: Simulated X-ray (right side) and UV/optical (left side) spectra for clouds
at r = 1015 cm away from the continuum source and column density of cloud is
1021 cm−2, 1022 cm−2, and 1023 cm−2, respectively. The green line is the incident
spectrum. It would be observed if clouds do not cover light source. The red line
indicates the spectrum absorbed by clouds but with no emission. The blue line is the
transmitted plus emitted spectrum.
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Figure 2.6: Simulated spectra of X-ray and UV/optical with clouds at r = 1016 cm
away from the continuum source. Others are as same as Figure 2.5
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Figure 2.7: Simulated spectra of X-ray and UV/optical with clouds at r = 1017 cm
away from the continuum source. Others are as same as Figure 2.5
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described next.
These results suggest that intervening BLR clouds could affect the X-ray and
UV/optical spectra of AGN in different ways. We next discuss a single cloud’s effect
on the spectrum; then consider the BLR cloud as the X-ray absorber; and finally
give the UV/optical spectra of an ensemble of clouds that lie along our sight line.
We assume all clouds have the canonical BLR parameters for simplicity (Korista
et al. 1997a). We use this representative cloud’s spectrum and combine this with the
covering factor to evaluate the net spectrum.
2.3.2 A Single Cloud’s Effects on the Spectrum
Clouds will have very different effects on the X-ray and UV/optical spectra because
of the significant differences between the linear scales of the clouds, the X-ray source,
and the UV/optical source. The X-ray source is smaller than ∼ 1013 cm(R11), so that
a single cloud can obscure a considerable part of the X-ray source, as R11 point out.
A single high column density, low ionization, cloud will produce strong absorption,
leading to remarkable X-ray time variability when it crosses our sight line.
The simple α-disk computed above (Figure 2.2) suggests that the UV/optical
source has a linear scale of 1013 ∼ 1016 cm, which is several to hundreds times larger
than the cloud. Because of this size difference, a single cloud passing in front of the
accretion disk will have no observable affect since it would only cover 10% to 0.0001%
of the disk’s visible surface. However, as Arav et al. (1997, 1998) point out, there is
likely to be an ensemble consisting of a large number of clouds. Although individual
clouds may come and go along our sight line, it is most likely that there is no net
change in the total ensemble of clouds along this sight line. The ensemble of clouds
will not produce time variations in UV/optical band. However, if the ensemble has a
global covering factor of 40%(Dunn et al. 2007; Gaskell et al. 2007, 2008) and if LOS
covering factor is similar to this value, the clouds will change the observed SED. We
show their affect upon the observed spectrum below.
2.3.3 The BLR Clouds as the X-ray Absorber
Which BLR clouds are responsible for the X-ray absorption? The absorption depends
strongly on the state of ionization. If the cloud is highly ionized, there is very little X-
ray absorption, as shown in Figure 2.5 and 2.6. These clouds are near the black hole
and have higher ionization than the more distant clouds, which are shown in Figure
2.7. The high-ionization clouds have little spectroscopic effect except to Compton
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scatter a small fraction of the incident radiation field. But the more distant low-
ionization clouds strongly absorb at X-ray wavelengths. We also show this in Figure
2.8 by comparing the transmitted spectrum, the light we observe looking through
a cloud, with its original intensity. Here we use the X-ray deduced covering factor
of 40% (R11 estimate that this is between 20%-80%). The graph shows that X-ray
absorption becomes obvious for clouds with column densities of 1022 ∼ 1023 cm−2
and for clouds that are farther from the black hole. This means that lower ionization
clouds have stronger X-ray absorption, and will be more distant since these have the
larger opacity. This provides an explanation for the R11 conclusion that the obscuring
clouds have neutral cores with column densities of a few 1023 cm−2 and is surrounded
by a highly ionized halo.
2.3.4 The Ultraviolet/Optical Spectra of Clouds along Out Line of Sight
Next consider the effects of the same clouds on the UV/optical spectrum. These
clouds generate strong emission lines in this band, which is a defining feature of BLR
clouds. But intervening BLR clouds will also produce absorption, as described here.
We focus on the spectral region between 800Å and 3000Å, where intervening clouds
have the most obvious effects.
We first consider the simplest case where clouds fully cover the continuum source.
We consider a typical BLR cloud with nH = 1010 cm−3 and NH = 1023 cm−2(Korista
et al. 1997a) as representative. The resulting spectrum is shown in Figure 2.9(b).
The incident spectrum, light directly received from the continuum source, is shown
as the red line, and the transmitted spectrum, which is the light that passes through
the clouds, is the green line. Many absorption features are visible. To illustrate the
atomic processes that produce the features shown in Figure 2.9(b), we shows the
continuous optical depths integrated across the cloud in the lower panel in Figure
2.9. In this panel, the total optical depth is shown in red. The scattering optical
depth, dominated by Lyα, is shown in blue. The cloud is quite optically thick to Lyα
scattering, which removes photons in the neighborhood of the line. There are three
continuous absorption features shown in green. They come from photoionization of
ground state H0 (912Å), O I∗ (∼1060Å, this is the first excited 1D term of O I,
Ralchenko et al. 2011), and a weak feature due to the ground state photoionization
of C I.
The net effect of these opacity sources is to remove nearly all light shortward of
1060Å, and much of the light around Lyα, as shown in the lower curve in Figure
2.9(b). Thus line of sight clouds do not produce an additional strong absorption
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Figure 2.8: The X-ray transmitted fraction when the LOS covering factor is 40%.
The graphs from top to bottom have clouds located at radii r = 1015 cm, r = 1016 cm
and r = 1017 cm, respectively. Regions with net emission have transmission greater
than unity.
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feature at the Lyman limit. This is because nearly all light shortward of Lyα has
already been removed by O I∗ absorption. The lack of an absorption feature at the
Lyman limit was the reason that clouds were thought to not lie along the line of sight.
To quantify this, in the top panel of Figure 2.9, we show the net observed spectrum
for a representative covering factor of 40%. The red line in Figure 2.9(a) presents the
standard model, with no intervening clouds, while the intervening cloud model is the
green line. Intervening clouds produce strong extinction between the Lyman limit
and Lyα. These features distinguish between cases with and without clouds along
the sight line. These features begin to be obvious when the hydrogen column density
reaches ∼ 1023 cm−2, as shown in Figure 2.9. Due to the obvious difference of the
two models, we believe that this strong absorption can be used to determine whether
there are clouds partially blocking the line of sight.
2.3.5 Comparison with Observations
These figures show spectra of a static ensemble of clouds and so have sharp absorption
features. In reality, however, the clouds will have a distribution of velocities, and the
absorption features will reflect this distribution. We show simulated spectra with this
velocity dispersion and compare them with observational results next.
Osterbrock & Pogge (1985) find that the Hβ FWHM is 2400 km/s for Mrk 766.
We adopt this in our spectral simulations (Figure 2.10). The red line is the standard
model while the green line is the intervening cloud model with 40% covering factor.
The blue line is the HST STIS spectrum retrieved from their web site (observation
ads/Sa.HST#O5L502030). A redshift of z = 0.0126 (Rines et al. 2003) was assumed.
The HST data were smoothed by averaging over 5Å intervals and the negative fluxes
were not plotted.
The comparison in Figure 2.9 suggests that intervening clouds do exist in Mrk
766, as R11 found for the X-ray absorber. The HST data have a slope similar to the
IBC model. This also suggests that the intrinsic SED of Mrk 766 is more like the red
line in Figure 2.10 and appears softer due to the intervening clouds.
Intervening clouds may exist in other AGNs, where the line widths are broader
than Mrk 766. We plot spectra with a FWHM 104 km/s, which is the typical velocity
dispersion of BLR clouds (Peterson 1997), in Figure 2.11. The red, blue, and green
lines represent the standard model spectrum with no intervening clouds, and spectra
with intervening clouds having covering factors of 20% and 40%, respectively. We
plot this range of covering factors because it may change from object to object.
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Figure 2.10: Simulated and observed spectra for Mrk 766. FWHM of simulated
spectra is 2400 km s−1
The observational consequences of a range of covering factor can be judged from
Figure 2.11. The different LOS covering factors do not change the emission features,
which depend on the global covering factor. The standard model is the same as the
IBC model with a 0% covering factor and has the harder SED. The effect of changing
the covering factor is to change the SED of FUV continuum. A non-zero covering
factor depresses the spectrum around and below 1200Å, with the effect increasing
with increasing covering factor.
The feature we predict may already have been seen in surveys. The composite
spectrum obtained from the Large Bright Quasar Survey (Francis et al. 1991) may
suggest that LOS clouds are universal in AGNs. In the Figure 2 of that paper, it is
clear that the SED is depressed below Lyα, which is very similar to our results for a
large LOS covering factor. However, this composite spectrum is strongly affected by
the Lyα forest, which is uncorrectable, at wavelengths below Lyα.
Observations of low redshift AGNs (Zheng et al. 2001; Shang et al. 2005) should
have far less forest absorption. These show a change in the slope of the SED around
the region we predict. Shang et al. (2005) point out that most objects exhibit a
spectral break around 1100Å and that this break is intrinsic to AGN. We suggest
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Figure 2.11: Simulated spectra for broad line AGNs. FWHM is 104 km s−1. The
different curves represent covering factors of, from top to bottom, 0, 20%, and 40%.
this break is actually the depression feature predicted by the IBC model. This is
qualitatively what we predict: there is a depression feature, in another words, a
“break” in the spectrum. Since this break is shown in most AGNs, we suggest that
intervening clouds are a common feature in most AGNs. A range in covering factors
may explain why the “break” seen by Shang et al. (2005) changes from object to
object.
2.4 Conclusions
We have simulated the UV/optical and X-ray spectrum produced by an ensemble of
BLR clouds that lie along the line of sight to the central engine. We assume the
geometry proposed by R11 to explain the observed X-ray variability. Our goal is to
quantify what we would see in the optical/UV when BLR clouds lie along the LOS
to the central continuum source. We find the following:
1. The UV/optical continuum source has a size much larger than a single cloud.
This distinguished the UV/optical spectral region from the X-ray, where a single
cloud can cover a large fraction of the emission source. One single cloud crossing
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the LOS will have almost no observed effect on the UV/optical spectrum since
it covers a tiny fraction of the visible accretion disk.
2. It is far more likely that an ensemble of clouds will be present along the sight
line, if the emission line regions are to have the deduced global covering factor.
In this case there will not be time variability, since we see the ensemble of clouds,
but the clouds will produce a net absorption in the optical/UV continuum. The
clouds also produce strong emission lines, of course.
3. We predict that a strong broad extinction feature will be present between Lyα
and the Lyman limit. This is produced by a combination of Lyα scattering and
O I∗ absorption in the clouds.
4. There is no spectral break at the Lyman limit because the clouds have con-
tinuous optical depths greater than unity for much of the region below Lyα.
Instead, the FUV spectrum is depressed by a factor related to the line of sight
covering factor of the ensemble of clouds.
5. The comparison of HST data and the IBC model spectra for Mrk 766 suggests
that intervening clouds do occur and change the SED.
6. The predicted FUV absorption feature may be present in observations of broad-
line AGNs. This suggests that line of sight BLR clouds may be present for most
AGNs.
Copyright© Ye Wang, 2014.
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Chapter 3 High Temperature Cooling Function
3.1 Introduction
The plasma cooling function is an important property in many astrophysics prob-
lems, including star formation and the interstellar medium. There have been many
studies of the cooling of optically thin low-density collisional ionization equilibrium
(CIE) gas (Cox & Tucker 1969; Raymond et al. 1976; Shull & van Steenberg 1982;
Gaetz & Salpeter 1983; Arnaud & Rothenflug 1985; Sutherland & Dopita 1993; Landi
& Landini 1999; Gnat & Sternberg 2007; Schure et al. 2009; Bertone et al. 2013).
There have been repeated calculations of the low-density cooling function because
of its dependencies on the underlying atomic database. The atomic data changes as
new processes are included, and rates are improved. A discussion of some of these
changes, along with a comparison between the cooling function with today’s best
atomic data and previous work, is given in Lykins et al. (2013). They calculated CIE
and photoionization equilibrium cooling and find factors-of-three differences between
the cooling with today’s data and some previous calculations. They also discussed
which aspects of the atomic data are responsible for these changes.
Calculations of the low density cooling function apply to, for instance, galaxy
evolution (Rees & Ostriker 1977; Safranek-Shrader et al. 2010; Schleicher et al. 2010;
Skory et al. 2013), where the range of density and metallicity is not extreme. However,
the central regions of Active Galactic Nuclei (AGN) have a very wide range of density
and metallicity. Broad lined region clouds can have densities extending to as high as
1014 cm−3 while the accretion disk has even higher densities (Osterbrock & Ferland
2006, hereafter AGN3, Peterson 1997). The metallicities in the central regions of
quasars can be as high as 30Z (Hamann & Ferland 1999; Wang et al. 2010, 2011).
Investigations of the properties of these regions require cooling functions over a very
broad range of density and metallicity. However, we know of no work that considers
high densities or metallicty, where the cooling can be affected by changes in the
ionization of the gas, or in the cooling efficiency of various lines. Only a few studies
(such as Bertone et al. 2013) discuss non-solar metallicities.
Here, we build upon the Lykins et al. (2013) work to investigate how the CIE
cooling function depends on metallicity and density over the temperature range
104 K < T < 1010 K. We assume that the gas is time steady and that no exter-
nal radiation field is present. We provide a cooling function that can be used over a
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large range of metallicity (Z < 30Z) and density (nH < 1012 cm−3). We find that
the cooling for 104 K < T < 2× 104 K is quite complicated because the ionization of
hydrogen changes at high densities (where excited states become important) and high
metallicities (where charge transfer affects the hydrogen ionization). The situation is
simpler at higher temperatures, where H is mostly ionized. We therefore show two
results. First, an analytical fitting function that balances simplicity and accuracy and
could easily be incorporated, for instance, into hydrodynamics codes over the range
(2 × 104 K < T < 1010 K, Z < 30Z, nH < 1010 cm−3). Second, we also provide
numerical tables of results, which can be used when greater precision is needed, for
the full range.
We define the cooling rate and cooling function in Section 3.2.1. We then describe
how we separate the total cooling function into different parts, with metallicity and
density dependencies, in Section 3.2.2. Section 3.3, 3.4, and 3.5 discusses these func-
tions and provides their fit results. Section 3.6 discusses total the cooling function
and provides method to convert the cooling function into the cooling rate without
knowing the electron density. The grain cooling is shown in section 3.7.
3.2 Model and Calculations
We calculate the cooling rates with the development version of the plasma simulation
code CLOUDY, which is last described in Ferland et al. (2013). The improvements
made to report the cooling given in this paper will be available in the next release
of the stable version. We assume CIE with no external light source (no photoioniza-
tion or Compton cooling). Then we set the temperature, calculate the equilibrium
ionization state, and finally calculate the cooling function.
We use solar abundances from Grevesse et al. (2010). For the other metallicities,
we leave the H and He abundances unchanged and scale the metals by a factor of Z.
The primordial case is approximately just the solar case without metals. In this case,
we neglect Li and B, which only have very small abundances. Therefore primordial
case can be treated as the solar case with zero metallicity. We assume that the He/H
ratio in these cases is a constant because Steigman (2012) suggests this ratio only
changes slightly (less than 10% from 0Z to 1Z) and helium cooling is not important
in high metallicity cases (as shown below). We also calculate cooling for the ISM case
in Section 3.7. In this case, we assumed Mathis et al. (1977) silicate and graphite
grains, and the gas phase abundances that are taken from Cowie & Songaila (1986),
Savage & Sembach (1996), Meyer et al. (1998), Snow et al. (2007), and Mullman
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et al. (1998).
The collisional ionization rate coefficients in CLOUDY come from Voronov (1997)
and Dere (2007). These two works largely agree with each other. Radiative and
dielectronic recombination rate coefficients, in CLOUDY, come from Ali et al. (1991),
Badnell et al. (2003), Badnell (2006), Nikolić et al. (2010), and Abdel-Naby et al.
(2012).
Some cooling/heating rates are zero even through they may have been calculated
by CLOUDY. The Compton cooling/heating rate is zero because it depends on the
radiation field striking the gas, while we are considering models without external
radiation. Our models are static, so cooling due to motions, such as expansion and
advection cooling, are also zero. We do not include molecules or molecular cooling
because it barely contributes above 104 K, the lowest temperature we consider here.
Conduction is not included in calculations of cooling functions because it depends
on temperature gradients and can only be computed in a macroscopic model of the
environment.
3.2.1 Cooling Function
Since this Chapter discusses high temperature cooling, in which electrons are the
main colliders, the volume cooling rate of the cooling processes in this Chapter can
be written as
LC =
∑
X
nenXαX [erg cm
−3 s−1] (3.1)
where ne is the electron density, nX is the density of particles that produce the cooling,
and α is the rate coefficient of cooling process involving electron and X. We refer to
the species X as a coolant. In general, X could be an ion, atom, or electron.
Most studies, such as Sutherland & Dopita (1993) and Gnat & Sternberg (2007),
focus on low densities, and get a density-independent cooling function
Λ = LC/(nenH) [erg cm
3 s−1] (3.2)
where nH is number density of Hydrogen. However, we shall see that this is inaccurate,
especially for T < 105 K.
In our calculation, we find that the cooling depends, when considering a large
range of densities and metallicities, on both the density, due to cooling suppression
or density-deduced ionization shifts (details are discussed in Appendix A.1), and
the metallicity, because of charge transfer and its effects on the free electron density
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(details are discussed below in Appendix A.2). We do not make the simple assumption
that cooling only depends on temperature and show that this is not appropriate
when higher accuracy is desired. We will use a separation of variables to derive these
functions and discuss their basic format in the following section.
3.2.2 Cooling Function Dependencies
We write the total cooling function as the sum of four terms. The H&He term ΛH&He
contains all the cooling produced by the atoms or the ion of H and He, including the
electron-ion bremsstrahlung produced by H and He ions. The metal term Λmetal in-
cludes all cooling produced by atoms and ions of elements heavier than He, including
the electron-ion bremsstrahlung produced by metal ions. The electron term Λee is
electron-electron bremsstrahlung cooling, which is important at high temperatures.
The grain term Λgrain is the cooling due to grains, which is important at high temper-
atures, if the grains survive. We split the total cooling function into these four terms
because changes in the metallicity will change the density of the heavy elements rela-
tive to hydrogen and this will have different effects for each of these terms. A python
script to obtain these 4 terms from the CLOUDY output is available in Appendix B.
The grain term depends on the grain properties, which can be different for different
circumstances. We neglect grain cooling in the main part of this Chapter, while we
will briefly discuss it for ISM conditions in Section 3.6.
Neglecting grains, the total cooling function can be written as
Λ = ΛH&He + Λmetal + Λee (3.3)
Each of these terms can be written as
Λi(T, nH, Z) = Mi(T, nH, Z)×Di(T, nH)× Λi(T ) (3.4)
where
Mi(T, nH, Z) =
Λi(T, nH, Z)
Λi(T, nH, Z = Z)
(3.5)
is metallicity dependence function,
Di(T, nH) =
Λi(T, nH, Z = Z)
Λi(T, nH = 1 cm−3, Z = Z)
(3.6)
is density dependence function,
Λi(T ) = Λi(T, nH = 1 cm
−3, Z = Z) (3.7)
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is the basic low density and solar abundance cooling function, and i in these equation
can be H&He for H&He cooling, metal for metal cooling, and ee for electron-electron
bremsstrahlung cooling.
The analytical fits to these functions provided in the following sections are only
valid over the reduced range 2 × 104 K < T < 1010 K and density nH < 1010 cm−3.
This is because the ionization of the gas changes in a complicated way outside this
range (the “ionization changes”, discussed in Appendix A). We present numerical
results over the full range in tables.
3.3 The H and He Cooling
3.3.1 The H&He Cooling Function at Low Density and Solar Abundance
The H&He cooling is shown in Figure 3.1 and its numerical results are listed in Table
3.1. There are 2 peaks in the H&He cooling curve. The first, just below 2× 104 K, is
due to the ionization of hydrogen. Below this temperature, hydrogen is predominantly
atomic. As the temperature increases, electrons collisionally excite, and eventually
ionize, H, due to increasing average electron kinetic energy. This increase in the
ionization further increases the electron density, which further increases the cooling.
However, when nearly all the hydrogen is ionized (T > 2 × 104 K), the amount of
atomic cooling decreases because the atomic hydrogen density decreases more than
the electron density increases.
Table 3.1: Cooling Function and Electron Fraction at nH=1cm−3 and Z
Temperature Electron Fraction ΛH&He Λmetal Λee
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
10000 9.75×10−04 5.05×10−24 4.72×10−23 5.91×10−35
10233 1.61×10−03 6.23×10−24 3.32×10−23 1.01×10−34
10471 2.60×10−03 7.81×10−24 2.51×10−23 1.70×10−34
10715 4.06×10−03 9.88×10−24 2.06×10−23 2.77×10−34
10965 6.18×10−03 1.25×10−23 1.81×10−23 4.38×10−34
11220 9.19×10−03 1.58×10−23 1.67×10−23 6.78×10−34
11482 1.33×10−02 1.99×10−23 1.60×10−23 1.02×10−33
11749 1.92×10−02 2.49×10−23 1.57×10−23 1.53×10−33
12023 2.71×10−02 3.10×10−23 1.58×10−23 2.25×10−33
12303 3.77×10−02 3.83×10−23 1.60×10−23 3.25×10−33
Note: Full table is published with Wang et al. (2014).
Above 5.5×104 K, the amount of He+ increases and it becomes the leading coolant
creating a second peak at 8.5× 104 K. As the temperature continues to increase, H
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Figure 3.1: The H&He Cooling Function ΛH&He(T ). The solid line is the total
H&He cooling. The green dashed line is cooling due to H&He free-free emission
(bremsstrahlung). The blue dotted line is the fitting function for the total H&He
cooling function. The error of this fit is less then 5% above 20000K. The fit does not
apply below this temperature.
and He are eventually fully ionized. Both H and He cooling are reduced as a result.
Free-free cooling due to electron collisions with H+ and He2+ ions is the dominant
H&He cooling process for temperatures above 106 K.
The H&He cooling function we fit is shown as the blue line in Figure 3.1. The
function has the form
ΛH&He(T ) =
aT b + (cT )d(eT f + gT h)
1 + (cT )d
+ iT j (T ≥ 2× 104 K) (3.8)
where a = 4.86567 × 10−13, b = −2.21974, c = 1.35332 × 10−5, d = 9.64775, e =
1.11401 × 10−9, f = −2.66528, g = 6.91908 × 10−21, h = −0.571255, i = 2.45596 ×
10−27, and j = 0.49521. The last term in this function is used to describe the behavior
of H&He bremsstrahlung cooling. This function reproduces the cooling within 5%.
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3.3.2 Density Dependence to H&He Cooling
Figure 3.2 and Table 3.2 show the H&He cooling density dependences, which is the
cooling relative to the cooling in the low-density limit. At high temperatures (T ≥
106 K), H and He are fully ionized, the bremsstrahlung cooling dominates, and the
cooling function does not depend on density, as Figure 3.2 shows. However, for
T ≤ 105 K, the cooling has a complex dependence on density, with larger variations
at higher density. The cooling is suppressed for increasing densities at 1.6×104 ≤ T ≤
2× 105 K. This is due to the ionization of hydrogen and helium being suppressed as
the density increases, as disscussed in Appendix A. The result is that the abundances
of the leading coolants are reduced and therefore the cooling decreases.
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Figure 3.2: The H&He Density Dependence FunctionDH&He(T, nH). The large dotted
blue line is the fit to the density dependence at nH = 1010 cm−3. Other lines show
the numerical results at various densities.
The fluctuant features present in Figure 3.2 are caused by changes in the ionization
and cooling coefficient with temperature.
We fit the density dependence function for H&He as
DH&He(T, nH) =
T a + b(1 + g(nH))
T a + b
(T ≥ 2× 104 K, nH ≤ 1010 cm−3) (3.9)
43
where a = 2.84738, b = 3.62655× 1013, g(nH) = g4 × log4(nH) + g3 × log3(nH) + g2 ×
log2(nH) + g1× log(nH), g4 = −3.18564× 10−4, g3 = 4.8323× 10−3, g2 = −0.0225974,
and g1 = 0.0245446. The error of this function is less than 5%. The fitting result is
shown as the blue line in Figure 3.2.
Table 3.2: H&He Cooling Density Dependence DH&He(T, nH)
Temperature n = 1 n = 2 ... n = 12
10000 1.0000 0.9998 ... 0.9038
10233 1.0000 0.9999 ... 0.9371
10471 1.0002 0.9999 ... 0.9571
10715 1.0000 0.9999 ... 0.9675
10965 1.0000 0.9999 ... 0.9722
11220 1.0000 0.9999 ... 0.9723
11482 1.0000 0.9999 ... 0.9684
11749 1.0000 0.9999 ... 0.9605
12023 1.0000 0.9999 ... 0.9486
12303 1.0000 1.0000 ... 0.9322
n = log(nH), nH is in unit of cm−3. Full table is published with Wang et al. (2014).
3.3.3 Metallicity Dependence to H&He Cooling
We show the H&He cooling function metallicity dependence in Figure 3.3 and Table
3.3. Above 105 K, the metallicity does not change the H&He cooling, since H&He are
generally fully ionized. However, below this temperature, larger metallicity causes
increases in the H&He cooling. Charge transfer is responsible for this, as discussed
in Appendix A. Increment of the metallicity causes hydrogen and helium to become
more neutral. The abundances of the leading coolants (H0 and He+) increase and the
cooling is enhanced.
We also find that a density increase partially cancels the effect of metallicity en-
hancement. This is because increased density suppresses the ionization (Appendix A),
partially compensating for the change in the neutral fraction. As a result, metallicity
does not enhance the cooling at high density as much as at low density.
We fit the metallicity dependence function for the H&He part as
MH&He(T, nH, Z) = (Z − 1)(a log(nH) + b) exp(−(T − c)
2
d
) + 1
(T ≥ 2× 104 K, nH ≤ 1010 cm−3, Z ≤ 30Z)
(3.10)
where a = −0.000847633, b = 0.0127998, c = 45209.3, and d = 2.92145 × 108. The
error of this fitting function is less than 5%.
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Figure 3.3: The H&He Metallicity Dependence MH&He(T, nH, Z). The three panels
show metallicity 2Z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, and 30Z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lines are the fitting function for each metallicity and a density nH = 1 cm−3. The
function is equal to one above 106 K.
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Table 3.3: H&He Cooling metallicity Dependence MH&He(T, nH, Z)
Temperature n Z = 2Z Z = 6Z Z = 10Z ... n = 30
10000 0 3.1769 9.0008 10.2821 ... 14.5515
10233 0 2.9897 12.4671 14.4008 ... 20.7212
10471 0 2.6199 13.3573 18.7624 ... 27.5948
10715 0 2.3321 13.5181 20.4976 ... 34.1205
10965 0 2.1701 11.4578 21.2370 ... 38.9922
11220 0 2.0908 8.7022 19.5607 ... 42.5181
11482 0 2.0521 7.1743 15.8032 ... 44.4155
11749 0 2.0322 6.5723 12.5277 ... 44.7165
12023 0 2.0212 6.3197 11.1593 ... 43.3774
12303 0 2.0145 6.1984 10.6314 ... 40.2471
n = log(nH), nH is in unit of cm−3. Full table is published with Wang et al. (2014).
3.4 The Metal Cooling
3.4.1 Metal Cooling Function at Low Density and Solar Abundance
The metal cooling as a function of temperature is shown as the red line in Figure 3.4.
This shows the contribution of the metals to the total cooling for solar abundances.
As was the case for H&He cooling, bremsstrahlung (the green/dashed line in Figure
3.4) dominates at high temperatures, where the metals are nearly fully ionized. The
numerical result is shown in Table 3.1.
The metal cooling function is complicated because the ionic density and the cool-
ing coefficients change with temperature, which means that the abundance of the
leading coolant changes with temperature. This gives the wavy features in the cool-
ing function, which we do not try to fit. Thus, the metal cooling function can be
fitted as
ΛH&He(T ) = (aT
b + cT d)−1 + eT f (T ≥ 2× 104 K) (3.11)
where a = 6.88502 × 1030, b = −1.90262, c = 2.48881 × 1017, d = 0.771176,
e = 3.00028 × 10−28, and f = 0.472682. The last term, eT f , describes metal
bremsstrahlung cooling, which is the leading cooling process at high temperatures.
This fit is quite approximate, and only reproduces the general shape. At solar metal-
licity this simplification introduces errors of typically 30% in the total cooling and a
maximum 190% error between 4× 105 K and 5× 105 K.
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Figure 3.4: The Metal Cooling Function Λmetal(T ). The solid line is the simulated
total metal cooling, the green dashed line presents metal free-free (bremsstrahlung)
cooling, while the blue dotted line is our simple fit.
3.4.2 Density Dependence to Metal Cooling
Figure 3.5 and Table 3.4 show the ratio of the cooling at various densities to the
cooling at unit density (1 cm−3), which is low enough for all coolants to be in the
low-density limit.
Table 3.4: Metal Cooling Density Dependence Dmetal(T, nH)
Temperature n = 1 n = 2 ... n = 12
10000 0.9706 0.9018 ... 0.0675
10233 0.9732 0.9118 ... 0.1040
10471 0.9759 0.9233 ... 0.1495
10715 0.9792 0.9354 ... 0.1992
10965 0.9821 0.9468 ... 0.2482
11220 0.9847 0.9566 ... 0.2935
11482 0.9868 0.9646 ... 0.3337
11749 0.9885 0.9708 ... 0.3690
12023 0.9899 0.9757 ... 0.3996
12303 0.9911 0.9795 ... 0.4262
n = log(nH), nH is in unit of cm−3. Full table is published with Wang et al. (2014).
47
 0.05
 0.25
 0.45
 0.65
 0.85
 1.05
104 105 106 107
D
en
si
ty
 D
ep
en
de
nc
e 
to
 M
et
al
 C
oo
lin
g 
D m
e
ta
l
Temperature (K)
Simulated Density Dependence, nH=10
3
 cm-3
Simulated Density Dependence, nH=10
4cm-3
Simulated Density Dependence, nH=10
5cm-3
Simulated Density Dependence, nH=10
6cm-3
Simulated Density Dependence, nH=10
7cm-3
Simulated Density Dependence, nH=10
8cm-3
 0.05
 0.25
 0.45
 0.65
 0.85
 1.05
D
en
si
ty
 D
ep
en
de
nc
e 
to
 M
et
al
 C
oo
lin
g 
D m
e
ta
l
Simulated Density Dependence, nH=10 cm
-3
Simulated Density Dependence, nH=10
4cm-3
Simulated Density Dependence, nH=10
10cm-3
Simulated Density Dependence, nH=10
12cm-3
Fit Density Dependence, nH=10
10cm-3
Figure 3.5: The Metal Density Dependence Dmetal(T, nH). For the upper panel,
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For most temperatures the cooling is suppressed as the density increases. This is
obvious at T < 107 K, and especially at T < 105 K. Much of the cooling over this
range is carried by forbidden and inter combination lines. Forbidden lines are sup-
pressed for densities ne ≥ 103 ∼ 104 cm−3 while intercombination lines are suppressed
at higher densities, ne ≥ 108 ∼ 1010 cm−3.
In addition to the collisional de-excitation suppression effect, the density-induced
changes in the ionization discussed in Appendix A also contribute to the changes.
This generates the wave-like features in Figure 3.5. While collisional de-excitation
only suppresses the cooling, the ionization shift can both increase and decrease the
cooling, depending on the temperature. For example, the increase in the cooling at
high densities around T ∼ 2×105 K is due to the increase in the ionization of oxygen.
The ionization fraction of O4+, the leading coolant at this temperature, increases from
42% to 64% as the density increases from 1 cm−3 to 1010 cm−3.
We obtain the following density-dependence function for metals
Dmetal(T, nH) =
T a + b(1 + g(nH))
T a + b
(T ≥ 2× 104 K, nH ≤ 1010 cm−3) (3.12)
where a = 3.29383, b = 8.82636 × 1014, g(nH) = g3 × log3(nH) + g2 × log2(nH) +
g1 × log(nH), g3 = 0.00221438, g2 = −0.0353337, and g1 = 0.0524811. This fits the
numerical data to an accuracy of better than 20%.
3.4.3 Metallicity Dependence to Metal Cooling
Changes in the metallicity directly affect the metal cooling. The abundance of the
metals scales linearly with metallicity and therefore increases the cooling. There
are additional changes due to interactions between the heavy elements and H and
He. We show the function Mmetal(T, nH, Z)/Z (normalized metallicity dependence
for metals) in Figure 3.6. This function is unity at all parameters except the peak at
low temperature (T ≤ 1.2 × 104 K). This peak is a consequence of charge transfer.
As discussed in Appendix A, at these temperatures, high metallicities make hydrogen
become more neutral, and hydrogen then neutralizes other elements such as oxygen
and carbon. As a result, the abundances of O0, Fe+, and C0 increase. The total
cooling increases as well.
Table 3.5 provides results for the full parameter range. Since we only fit the
function above 2× 104 K, the metallicity dependence for Z can simply be written as
Mmetal(T, nHZ, ) = Z (3.13)
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Figure 3.6: The metal Metallicity Dependence MH&He(T, nH, Z). The three panels
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Table 3.5: Metal Cooling metallicity Dependence Mmetal(T, nH, Z)
Temperature n Z = 2Z Z = 6Z Z = 10Z ... n = 30
10000 0 3.1769 9.0008 10.2821 ... 14.5515
10233 0 2.9897 12.4671 14.4008 ... 20.7212
10471 0 2.6199 13.3573 18.7624 ... 27.5948
10715 0 2.3321 13.5181 20.4976 ... 34.1205
10965 0 2.1701 11.4578 21.2370 ... 38.9922
11220 0 2.0908 8.7022 19.5607 ... 42.5181
11482 0 2.0521 7.1743 15.8032 ... 44.4155
11749 0 2.0322 6.5723 12.5277 ... 44.7165
12023 0 2.0212 6.3197 11.1593 ... 43.3774
12303 0 2.0145 6.1984 10.6314 ... 40.2471
n = log(nH), nH is in unit of cm−3. Full table is published with Wang et al. (2014).
3.5 The Electron-Electron Bremsstrahlung Cooling
3.5.1 The Electron-Electron Bremsstrahlung Cooling Funciton at Low
Density and Solar Abundances
Electron-electron bremsstrahlung cooling (electron cooling) becomes important at
very high temperature (T > 109 K), where all atoms are fully ionized and all elec-
trons are in the continuum. We use the electron-electron bremsstrahlung cooling
function from Stepney & Guilbert (1983). They calculate the cooling rate for vari-
ous temperatures in the range 108 K ≤ T ≤ 1010 K. Base on their results, we fit a
temperature dependent e-e bremsstrahlung cooling function as
Λee(T ) =
Lee
nenH
=
ne
nH
σT cαf
(kT )2
mec2
f(T ) (3.14)
where σT is the Thomson cross-section, c is the light speed, αf is the fine structure
constant, k is the Boltzmann constant, me is the electron rest mass, and
f(T ) = 2.63323× 103T−0.291936 (3.15)
is the fit to the Stepney & Guilbert (1983) data (The lowest temperature in the
Stepney & Guilbert data is ∼ 6 × 108 K and we extrapolated cooling data to lower
temperatures).
The ratio of electron to hydrogen density is a function of temperature under CIE.
We use
E(T ) = ne/nH (3.16)
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Figure 3.7: The electron fraction ne/nH in the low-density limit and solar metallicity.
The fraction goes to a constant (1.1792) as the temperature becomes large.
to represent this electron fraction function in the low density limit and for solar
metallicity. Figure 3.7 shows the calculated values and our fit. Calculated values are
listed in Table 1. The fit, with an error less than 5% above 2× 104 K, is
E(T ) = 2.1792− exp(3.96627
T
) (T ≥ 2× 104 K) (3.17)
Numerical simulated results for E(T ) are given in Table 3.1 The rapid increase
of E(T ) at low temperature is due to the collisional ionization of hydrogen. The
second sharp increase is produced by the ionization of He+. The subsequent gradual
increase is due to the ionization of heavier elements. At higher temperatures, nearly
all elements are fully ionized and E(T ) tends to a constant, 1.1792.
Combining Eq (3.14) and Eq (3.17), we find that Λee(T ) is negligible, comparing
with the H&He and the metal cooling function, at intermediate to low temperatures
(T ≤ 109 K). This is because electron-electron collisions are homonuclear and have
no dipole moment, and hence are mostly elastic at low energies. It is only at kinetic
temperatures approaching the rest mass of the electron, T > 109 K, that radiation is
effectively produced. Line cooling is not important at high temperatures because the
gas is composed of mostly bare nuclei. This makes the high temperature approxima-
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tion of E(T ) valid in the numerical form of Λee(T ). Thus, we eventually provide the
fit electron-electron bremsstrahlung cooling function as
Λee(T ) = 1.05244× 10−38 × T 1.708064 (T ≥ 2× 104 K). (3.18)
Figure 3.8 compares the fit with the Stepney & Guilbert data.
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Figure 3.8: The e-e Bremsstrahlung Cooling Function Λee(T ). The points give the
data from Stepney & Guilbert (1983). The red line is our fit to the SG83 data. We
converted the SG83 data, which is originally the cooling rate, to the cooling function
by dividing by our derived factor nenH for solar abundances and nH = 1 cm−3
3.5.2 Density Dependence to Electron Cooling
We show the density dependence Dmetal(T, nH) for the electron cooling in Figure 3.9.
Values are also provided in Table 3.6. This Figure suggests that, below 105 K, the
ratio is larger than one. This is a result of density-induced changes in the ionization,
that is, high densities enhance the ionization, increasing the electron density. Above
this temperature the function is near unity because nearly all elements are fully
ionized. Therefore the density dependence equals 1. We approximate Dmetal(T, nH)
as unity for T > 2×104 K, since ee cooling is only significant when T > 108 K, where
this approximation is quite accurate.
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Figure 3.9: . The Electron Cooling Density Dependence Dee(T, nH). For the range
we fit, this function is essentially 1 for all relevant temperatures. e-e cooling is only
important above 108 K.
Table 3.6: Metal Cooling Density Dependence Dee(T, nH)
Temperature n = 1 n = 2 ... n = 12
10000 1.0000 1.0009 ... 2.9404
10233 1.0001 1.0013 ... 2.8923
10471 1.0004 1.0018 ... 2.8623
10715 1.0001 1.0022 ... 2.8491
10965 1.0002 1.0023 ... 2.8459
11220 1.0002 1.0024 ... 2.8409
11482 1.0002 1.0023 ... 2.8269
11749 1.0002 1.0022 ... 2.8003
12023 1.0003 1.0020 ... 2.7586
12303 1.0003 1.0018 ... 2.7007
n = log(nH), nH is in unit of cm−3. Full table is published with Wang et al. (2014).
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3.5.3 Metallicity Dependence to the Electron Cooling
We show the metallicity dependence for electron-electron bremsstrahlung cooling in
Figure 3.10. The ratio has a minimal around 1.2 × 104 K and the amplitude of this
valley decreases with increasing density. This is caused by the density-induced ion-
ization shift. Above 2×104 K, the metallicity dependence has no density dependence.
The ratio increases with the ionization of metals and the amplitude is proportional
to metallicity.
We fit the metallicity dependence as
Mee(T, nH, Z) =
(a× Z − a+ 1)T c + b
T c + b
(T ≥ 2× 104 K, nH ≤ 1010 cm−3, Z ≤ 30Z)
(3.19)
where a = 0.00769985, b = 24683.1, and c = 0.805234. The fit result, whose error is
less then 1%, is also shown in Figure 3.10. For high temperatures, where electron-
electron bremsstrahlung is important, electron cooling metallicity dependence can be
written as
Mee(T, nH, Z) ≈ a× (Z − 1) + 1 (3.20)
Table 3.7 gives Mee(T, nH, Z) values with higher precision over a large parameter
range.
Table 3.7: Electron Cooling metallicity Dependence Mee(T, nH, Z)
Temperature n Z = 2Z Z = 6Z Z = 10Z ... n = 30
10000 0 0.5648 0.5458 0.8334 ... 2.2501
10233 0 0.5811 0.3553 0.5377 ... 1.4501
10471 0 0.6504 0.3029 0.3563 ... 0.9524
10715 0 0.7320 0.2596 0.2822 ... 0.6432
10965 0 0.8018 0.2731 0.2254 ... 0.4602
11220 0 0.8541 0.3599 0.2062 ... 0.3342
11482 0 0.8923 0.4903 0.2397 ... 0.2513
11749 0 0.9202 0.6126 0.3505 ... 0.1979
12023 0 0.9406 0.7090 0.4924 ... 0.1680
12303 0 0.9555 0.7816 0.6147 ... 0.1655
n = log(nH), nH is in unit of cm−3. Full table is published with Wang et al. (2014).
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3.6 The Total Cooling Function and Cooling Rate
3.6.1 The Total Cooling Function
The total cooling function with density and metallicity dependence is
Λ(T, nH, Z) = MH&He(T, nH, Z)DH&He(T, nH)ΛH&He(T )
+Mmetal(T, nH, Z)Dmetal(T, nH)Λmetal(T )
+Mee(T, nH, Z)Dee(T, nH)Λee(T )
(3.21)
Figure 3.11 shows the calculated cooling function with different densities and
metallicities. The metallicity affects the cooling function over the entire temperature
range, while changes in the density introduce smaller changes, mainly at T ≤ 106 K.
The density and metallicity dependencies for the cooling function in this Chapter
can be applied to cooling functions provided by other work, such as Gnat & Ferland
(2012) or Lykins et al. (2013). To do so, simply replace the low density cooling
function from this paper with the other cooling functions.
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Figure 3.11: The cooling function over the range of parameters considered in this
paper
Further simplifications can be done for the analytical fits. We know that the
H&He part of the metallicity dependence function is significantly different from unity
57
between 2×104 K to 105 K and at high metallicity. The metal cooling dominates the
total cooling in these conditions so we can neglect this part of the dependence. The
difference between using and neglecting MH&He(T, nH, Z) is less than 2%. Combine
this and discussions about behaviors of Mmetal(T, nH, Z) and Dee(T, nH) in fitting
parameter ranges, the final fitting function should be
Λ(T, nH, Z) = DH&He(T, nH)ΛH&He(T )
+ Z ×Dmetal(T, nH)Λmetal(T )
+Mee(T, nH, Z)Λee(T )
(3.22)
3.6.2 From Cooling Function to Cooling Rate
In real astronomy problems, the cooling rate, rather than the cooling function, is
needed. Using the definition of the cooling function, the cooling rate can be obtained
as
LC(T, nH, Z) = nHneΛ(T, nH, Z) =
ne
nH
n2HΛ(T, nH, Z) (3.23)
To obtain the cooling rate without an independent calculation of the electron
density, we need to know ne/nH at any density, temperature, and metallicity. Con-
sidering the definition of the electron-electron bremsstrahlung cooling function, one
can easily write
ne
nH
(T, nH, Z) = Mee(T, nH, Z)Dee(T, nH)E(T ) (3.24)
At high temperatures, the electron ratio mainly depends on the metallicity since
most elements are fully ionized. At low temperatures, the electron fraction is affected
by the density and metallicity, as Figures 3.9 and 3.10 show. The electron fraction
introduces a strong metallicity and density dependence into the cooling rate.
Combining Eq (3.23) and Eq (3.24), the final cooling function can be obtained
LC(T, nH, Z) = Mee(T, nH, Z)Dee(T, nH)E(T )n
2
HΛ(T, nH, Z) (3.25)
Similar to the cooling dependence functions, this expression of ne/nH can also be
applied to other cooling functions to get the cooling rate.
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3.7 The Grain Cooling
Grain cooling only occurs in dusty environments. Its amount depends on the grain
abundance. We only show grain cooling for the ISM case with depleted gas phase
abundances and Mathis et al. (1977) grains. The gas phase abundances are taken
from Cowie & Songaila (1986), Savage & Sembach (1996), Meyer et al. (1998), Snow
et al. (2007), and Mullman et al. (1998).
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Figure 3.12: Total Cooling Rate for the Solar (red/solid line) and ISM (green/dashed
line) Cases
Figure 3.12 compares the cooling rate for the solar and ISM cases. The solar case
has all elements in the gas phase and a solar composition. We also assume a hydrogen
density of 1 cm−3. Because of depletion of some heavy elements in ISM case, the gas
cooling is decreased between 2×104 K and 106 K. These are the temperatures where
metal line radiation dominates the total cooling. Above 106 K, the grains become
the dominant cooling.
We do not provide a fitting function for ISM abundances; table 3.8 is used to
provide the cooling rate of the ISM case. The grains may not be able to survive
a long time when temperature is high. Draine & Salpeter (1979) suggest that the
lifetime of grains, for T > 106 K, is of the order ∼ 2×104×(1/nH)×(a/0.01) yr, where
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Figure 3.13: Cooling time and grain life time. Grains are assumed to have a radius
of 0.05 µm and hydrogen density is 1 cm−3.
Table 3.8: Cooling Function and Electron Fraction at nH=1cm−3 and Z
Temperature Electron Fraction EISM(T ) LISM
(K) (erg cm3 s−1)
10000 3.0220×10−05 2.2146×10−26
10233 4.1431×10−05 2.2914×10−26
10471 5.8642×10−05 2.3869×10−26
10715 8.9845×10−05 2.5192×10−26
10965 1.4514×10−04 2.7224×10−26
11220 2.6981×10−04 3.1255×10−26
11482 7.0029×10−04 4.4430×10−26
11749 3.3370×10−03 1.3227×10−25
12023 1.0298×10−02 4.1916×10−25
12303 2.0537×10−02 9.6560×10−25
Note: Full table is published with Wang et al. (2014).
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nH is hydrogen density in cm−3 and a is grain radius in µm. For lower temperatures,
this timescale is much longer. We assumed a grain radius of 0.05 µm and compare, in
Figure 3.13, the cooling time and grain lifetime at nH = 1 cm−3 for T > 106 K, where
the grain cooling becomes important. The grain lifetime is 2∼50 times longer than
the cooling timescale. Our ISM cooling rate can be applied to problems where the
time scales are shorter than the grain lifetime. For timescales that are longer than
the grain lifetime, the grain-free cooling function should be used.
3.8 Summary
While many calculations of the low density time steady cooling function for solar
abundances have been presented in the past, there have been few investigations of
how changes in the density or metallicity change the cooling. We summarize our
results here.
The largest effect expected from the physics of emission line formation would be
the collisional suppression of lines when the density exceeds the critical density of
the upper level. This is quite important for regions of the cooling function that are
dominated by forbidden transitions, 104 K < T < 106 K. Continuous emission, which
is not collisionally suppressed, is the dominant coolant at higher temperatures.
Changes in the density also affect the cooling by changing the ionization of the
gas. This is mainly due to processes affecting excited states of H and He, and which
bring those species into LTE at high densities. This changes the electron density
at temperatures where H or He is partially ionized, which then directly changes the
cooling rate. This is especially important for T < 105 K.
Changes in the metallicity cause direct changes in the cooling due to the changing
abundances of the heavy elements. This would be expected to be a simple linear
scaling factor. However we find that coupling between the heavy elements and H,
He, introduced by charge exchange, causes the H and He ionization to be affected by
changes in Z. This in turn causes the electron density to change, causing changes
in the cooling rate. At high temperatures and Z, the metals contribute to the free
electron density, further increasing the cooling rate.
Our original goal was to provide simple fits to these dependencies. We find that the
physics is quite complex when precision is required. We do present simple analytical
predictors of the cooling function and its changes with T , nH, and Z, although these
are approximate to various degrees. We provide a C and a Python routine that
evaluate this cooling function in Appendix B. Tables giving numerical values of the
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cooling function as a function of these parameters are also given. Interpolation on
these tables should be somewhat more accurate. A method to convert the cooling
function into a cooling rate is also provided.
Copyright© Ye Wang, 2014.
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Chapter 4 Low Temperature Cooling Function
4.1 Introduction
The cooling function is an important parameter in many astronomical problems. For
high temperatures (T > 104 K), where the main coolants are ions and atoms, Chapter
3 has provided a brief review of previous work and cooling data in various densities
and metallicities. This Chapter focuses on the low temperature (T < 104 K), where
molecular cooling becomes vital.
A few studies of cooling function at low have been done since Dalgarno & McCray
(1972) original study. Multiple following works (Goldsmith & Langer 1978; Galli &
Palla 1998; Neufeld et al. 1995; Flower et al. 2000; Lipovka et al. 2005; Coppola et al.
2011) discuss the molecular cooling and Miller et al. (2010) indicate that molecular
cooling is more efficient than atomic cooling below 8000K. In these work, several
molecules, including H2, HD, H2O, and CO, are considered. Goldsmith & Langer
(1978) considered the molecular cooling with different H2 densities. Puy et al. (1999)
investigated the effective cooling temperature range of H2 (80∼120K), HD (40∼80K),
and CO (3∼40K).
Several authors have studied low-temperature cooling in different environments.
Santoro & Shull (2006) suggested that the critical metallicity, where the metal line
cooling plus H2 cooling overcomes the adiabatic cooling, is 10−4.08Z. Maio et al.
(2007) calculated the cooling for various metallicity ranging from primordial to Z ∼
10−3Z assuming UV background had caused all the metal atoms except oxygen to
be singly ionized. In their calculation, metal line cooling dominates the total cooling.
Smith et al. (2008) discussed cooling at different metallicities. In their method, the
total cooling is the summation of metal cooling, which is calculated by plasma code
CLOUDY (Ferland 1999), H2 cooling, which is from Galli & Palla (1998), and cosmic
microwave background cooling, which is provided by Bromm et al. (2002). Gnedin &
Hollon (2012) also explored the cooling modified by photoionization.
However, because of limitations computation ability, the total cooling rate at
low temperatures is seldom provided over a large physical parameter space. In this
Chapter, we will, with the help of the up-to-date molecular/atomic data and the lat-
est high-performance computers, provide the cooling data over a physical parameter
space of nH < 1010 cm−3 and Z < 10Z. We will also show how the cosmic ray
background (CRB) and the cosmic microwave background (CMB) affect cooling, and
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discuss the physics behind it.
In this Chapter, we will introduce our basic models and database in section 4.2.
Cooling for primordial case, solar abundance case, and interstellar medium (ISM)
case are discussed in section 4.3, 4.4, and 4.5, respectively.
4.2 Models and Calculations
In this Chapter, we assume that the gas stays in collisional ionization equilibrium
(CIE) statues without external radiation fields, unless specifically mentioned. We
also assume that the gas is optically thin. The definition of cooling function in this
Chapter is different from the previous Chapter. The cooling discussed here is mostly
molecular. The main colliders of molecular cooling are H0 and H2 molecules, rather
than electrons, who is the main collider in high temperatures. Therefore the cooling
function Λ[erg cm3 s−1] in this Chpater has a definition
Λ =
LC
n2H
(4.1)
where LC is the cooling rate [erg cm−3 s−1] and nH is the hydrogen density.
We use the latest development version of plasma code CLOUDY, which is last
introduced in Ferland et al. (2013), to calculate the cooling rate. The calculation is
fully self consistent. The densities of molecular species are computed for the physical
conditions in the cloud. The local radiation field, densities of H0, H2, ion, electron, re-
actions, level populations of all species, and the emitted spectrum, are simultaneously
determined.
Lykins et al. (2013) has discussed the details of the atomic data used in CLOUDY.
H2 and HD data is from Le Bourlot et al. (1999), Flower et al. (2000), and Wrathmall
et al. (2007). The H2 para-ortho ratio is determined by detailed balance and solution
of a large chemistry network. We adopt other molecular internal structure data from
the Leiden Atomic and Molecular Database (LAMDA), which is introduced in Schöier
et al. (2005).
The cosmic ray background and local universe cosmic microwave background are
included in our models, if not specifically mentioned. With its settings, CLOUDY
uses the Indriolo et al. (2007) mean cosmic ray ionization rate of 2× 10−16 s−1. The
H2 secondary ionization rate is then 4.6× 10−16 s−1 (Glassgold & Langer 1974). The
CMB in CLOUDY is given as TCMB(z) = T0(1 + z) (Peebles 1971), where T0 =
2.725± 0.002 K (Wilkinson 1987; Mather et al. 1999) and z is redshift.
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We calculate cooling for three different abundances: solar, primordial, and the in-
terstellar medium. The solar case abundances are from Grevesse et al. (2010). For the
other metallicities, we simply keep the hydrogen and helium abundance unchanged
while we scale the abundances of metal elements by a factor of Z. For the primor-
dial case, we use elemental abundances from Steigman (2012). Gas-phase elemental
abundances of our ISM case are from Cowie & Songaila (1986), Savage & Sembach
(1996), Meyer et al. (1998), Mullman et al. (1998), and Snow et al. (2007). We also
use silicate and graphite grains from Mathis et al. (1977) in the ISM case. The largest
difference between the ISM case and the other two cases is that the ISM case has
dust and depleted abundance while the other two do not.
Some cooling processes are ignored in this work. For instance, expansion and
advection cooling are dropped because these are cooling due to motion while the
models in this work are static. Conduction is also not included in this work since we
calculated the cooling in a microscopic model.
4.3 Primordial Case
To simulate the cooling in primordial environments, we set the red shift as z = 20,
where the first star was formed (Tegmark et al. 1997; Yoshida et al. 2003). Figure
4.1 shows the primordial cooling functions. Detailed cooling data for the primordial
case are provided in Table 4.1. Here, H2 and HD molecules are the most important
coolants at temperature higher than 57K, which is the cosmic microwave background
temperature for this redshift. Atomic hydrogen line cooling dominates the total cool-
ing at the high temperatures, especially for high-density cases. Compton scattering
and radiative attachment (H + e→ H+ + γ, details are introduced in Ferland & Pers-
son 1989 and Ferland et al. 1994) is the leading coolants for temperatures below the
CMB temperature, but these two cooling processes can be neglected because the
heating at these temperatures is several orders higher than the cooling. Details are
discussed in following section.
4.3.1 Important Coolants
4.3.1.1 H2
Due to its abundance and low quadrupole transition energy (509K for ortho and 843K
for para, Goldsmith & Langer 1978), the H2 molecule overwhelms the primordial
cooling above ∼ 100K. For low-density cases, H2 can even lead the total cooling to
as low as ∼ 70K. H2 cools the gas through collisional excitation followed by line
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Table 4.1: Low Temperature Primordial Cooling Function Λprimordial
Temperature Λ(n = 0) Λ(n = 2) Λ(n = 4) Λ(n = 6) Λ(n = 8) Λ(n = 10)
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
1.00× 101 1.36× 10−39 2.06× 10−41 7.11× 10−42 6.98× 10−42 7.20× 10−42 7.25× 10−42
1.12× 101 1.48× 10−39 2.27× 10−41 8.09× 10−42 7.95× 10−42 8.21× 10−42 8.25× 10−42
1.26× 101 1.61× 10−39 2.51× 10−41 9.22× 10−42 9.06× 10−42 9.36× 10−42 9.42× 10−42
1.41× 101 1.75× 10−39 2.77× 10−41 1.05× 10−41 1.03× 10−41 1.07× 10−41 1.07× 10−41
1.58× 101 1.90× 10−39 3.07× 10−41 1.20× 10−41 1.18× 10−41 1.22× 10−41 1.22× 10−41
1.78× 101 2.06× 10−39 3.40× 10−41 1.36× 10−41 1.34× 10−41 1.39× 10−41 1.39× 10−41
2.00× 101 2.25× 10−39 3.78× 10−41 1.56× 10−41 1.53× 10−41 1.58× 10−41 1.59× 10−41
2.24× 101 2.47× 10−39 4.22× 10−41 1.78× 10−41 1.76× 10−41 1.81× 10−41 1.82× 10−41
2.51× 101 2.74× 10−39 4.80× 10−41 2.07× 10−41 2.04× 10−41 2.10× 10−41 2.10× 10−41
2.82× 101 3.19× 10−39 5.63× 10−41 2.46× 10−41 2.42× 10−41 2.47× 10−41 2.47× 10−41
3.16× 101 3.70× 10−39 6.54× 10−41 2.89× 10−41 2.85× 10−41 2.87× 10−41 2.86× 10−41
3.55× 101 4.09× 10−39 7.37× 10−41 3.32× 10−41 3.29× 10−41 3.27× 10−41 3.25× 10−41
3.98× 101 4.45× 10−39 8.22× 10−41 3.80× 10−41 3.77× 10−41 3.68× 10−41 3.65× 10−41
4.47× 101 4.89× 10−39 9.17× 10−41 4.34× 10−41 4.30× 10−41 4.13× 10−41 4.10× 10−41
5.01× 101 5.36× 10−39 1.02× 10−40 4.93× 10−41 4.89× 10−41 4.64× 10−41 4.61× 10−41
5.62× 101 5.88× 10−39 1.14× 10−40 5.60× 10−41 5.54× 10−41 5.22× 10−41 5.17× 10−41
6.31× 101 2.64× 10−30 1.78× 10−30 1.51× 10−31 1.91× 10−33 1.93× 10−35 1.65× 10−37
7.08× 101 8.75× 10−30 5.46× 10−30 3.95× 10−31 5.06× 10−33 5.13× 10−35 4.85× 10−37
7.94× 101 2.07× 10−29 1.21× 10−29 7.50× 10−31 9.73× 10−33 9.89× 10−35 9.65× 10−37
8.91× 101 4.41× 10−29 2.37× 10−29 1.29× 10−30 1.69× 10−32 1.72× 10−34 1.70× 10−36
1.00× 102 9.14× 10−29 4.38× 10−29 2.18× 10−30 2.84× 10−32 2.91× 10−34 2.90× 10−36
1.12× 102 1.75× 10−28 7.80× 10−29 3.73× 10−30 4.89× 10−32 5.03× 10−34 5.01× 10−36
1.26× 102 3.40× 10−28 1.35× 10−28 6.62× 10−30 8.58× 10−32 8.80× 10−34 8.75× 10−36
1.41× 102 6.19× 10−28 2.24× 10−28 1.17× 10−29 1.51× 10−31 1.54× 10−33 1.55× 10−35
1.58× 102 1.06× 10−27 3.63× 10−28 2.10× 10−29 2.64× 10−31 2.70× 10−33 2.70× 10−35
1.78× 102 1.81× 10−27 5.78× 10−28 3.67× 10−29 4.60× 10−31 4.71× 10−33 4.70× 10−35
2.00× 102 2.96× 10−27 9.30× 10−28 6.31× 10−29 7.98× 10−31 8.06× 10−33 8.08× 10−35
2.24× 102 4.75× 10−27 1.51× 10−27 1.04× 10−28 1.33× 10−30 1.35× 10−32 1.35× 10−34
2.51× 102 7.49× 10−27 2.45× 10−27 1.64× 10−28 2.15× 10−30 2.18× 10−32 2.17× 10−34
2.82× 102 1.12× 10−26 3.81× 10−27 2.48× 10−28 3.44× 10−30 3.49× 10−32 3.48× 10−34
3.16× 102 1.64× 10−26 5.84× 10−27 3.66× 10−28 5.48× 10−30 5.58× 10−32 5.59× 10−34
3.55× 102 2.37× 10−26 8.76× 10−27 5.36× 10−28 8.69× 10−30 8.91× 10−32 8.92× 10−34
3.98× 102 3.32× 10−26 1.27× 10−26 7.79× 10−28 1.38× 10−29 1.43× 10−31 1.43× 10−33
4.47× 102 4.66× 10−26 1.81× 10−26 1.14× 10−27 2.17× 10−29 2.30× 10−31 2.30× 10−33
5.01× 102 6.36× 10−26 2.50× 10−26 1.66× 10−27 3.39× 10−29 3.75× 10−31 3.76× 10−33
5.62× 102 8.63× 10−26 3.37× 10−26 2.44× 10−27 5.30× 10−29 6.28× 10−31 6.34× 10−33
6.31× 102 1.15× 10−25 4.44× 10−26 3.53× 10−27 8.33× 10−29 1.10× 10−30 1.15× 10−32
7.08× 102 1.51× 10−25 5.75× 10−26 5.06× 10−27 1.33× 10−28 2.00× 10−30 2.09× 10−32
7.94× 102 1.97× 10−25 7.34× 10−26 7.14× 10−27 2.20× 10−28 3.76× 10−30 3.90× 10−32
8.91× 102 2.53× 10−25 9.28× 10−26 9.93× 10−27 3.72× 10−28 7.08× 10−30 7.32× 10−32
1.00× 103 3.22× 10−25 1.17× 10−25 1.36× 10−26 6.41× 10−28 1.31× 10−29 1.35× 10−31
1.12× 103 4.06× 10−25 1.48× 10−25 1.89× 10−26 1.10× 10−27 2.34× 10−29 2.42× 10−31
1.26× 103 5.06× 10−25 1.86× 10−25 2.60× 10−26 2.01× 10−27 4.00× 10−29 4.20× 10−31
1.41× 103 6.23× 10−25 2.34× 10−25 3.65× 10−26 3.86× 10−27 6.46× 10−29 7.62× 10−31
1.58× 103 7.64× 10−25 3.26× 10−25 9.69× 10−26 5.76× 10−27 5.30× 10−29 1.95× 10−30
1.78× 103 6.72× 10−25 3.84× 10−25 9.02× 10−26 3.05× 10−27 2.74× 10−29 1.79× 10−30
2.00× 103 2.98× 10−25 1.73× 10−25 4.59× 10−26 1.04× 10−27 8.23× 10−30 7.98× 10−31
2.24× 103 1.36× 10−25 7.81× 10−26 2.34× 10−26 4.19× 10−28 3.26× 10−30 3.76× 10−31
2.51× 103 6.23× 10−26 3.61× 10−26 1.05× 10−26 1.61× 10−28 1.17× 10−30 1.50× 10−31
2.82× 103 3.18× 10−26 1.87× 10−26 5.16× 10−27 6.87× 10−29 4.53× 10−31 6.67× 10−32
3.16× 103 1.21× 10−26 7.01× 10−27 1.67× 10−27 2.02× 10−29 1.32× 10−31 2.10× 10−32
3.55× 103 4.21× 10−27 2.33× 10−27 5.52× 10−28 5.67× 10−30 3.85× 10−32 6.79× 10−33
3.98× 103 1.56× 10−27 9.03× 10−28 2.08× 10−28 1.99× 10−30 1.35× 10−32 2.55× 10−33
4.47× 103 6.33× 10−27 3.85× 10−27 9.05× 10−28 8.72× 10−30 6.39× 10−32 1.33× 10−32
5.01× 103 7.92× 10−26 5.23× 10−26 1.20× 10−26 1.20× 10−28 4.06× 10−31 6.49× 10−32
5.62× 103 4.38× 10−25 2.95× 10−25 1.45× 10−26 1.15× 10−28 1.66× 10−31 1.65× 10−31
6.31× 103 3.01× 10−25 1.85× 10−25 5.27× 10−27 4.00× 10−29 8.04× 10−31 8.05× 10−31
7.08× 103 3.37× 10−25 1.53× 10−25 3.18× 10−27 9.34× 10−30 5.94× 10−30 5.95× 10−30
7.94× 103 5.49× 10−25 1.73× 10−25 1.07× 10−27 3.86× 10−29 3.87× 10−29 3.87× 10−29
8.91× 103 7.87× 10−25 1.03× 10−25 4.60× 10−28 2.56× 10−28 2.56× 10−28 2.56× 10−28
1.00× 104 8.76× 10−25 3.90× 10−26 2.68× 10−27 2.68× 10−27 2.69× 10−27 2.73× 10−27
Note: n = log(nH), nH in unit of cm−3.
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Figure 4.1: Primordial Cooling Function Λprimordial below 104 K. Different colors
represent different hydrogen densities.
emission. The primary collisions are with H0, H2. The former is important above
1500K and the latter is dominate below this temperature.
As shown in Figure 4.2, below ∼ 103 K, the H2 cooling per H2 molecule, WH2
is proportional to nH until it reaches 104 cm−3. Above this density, WH2 , becomes
independent of nH. This is due to collisional de-excitation; the levels are thermalized
when nH > 104 cm−3. Transitions between different rotation levels and the ground
vibrational level play a leading role in cooling in these temperatures.
Above 103 K, WH2 is more complex. First, the cooling increase rapidly around
1500K, where the main collider changes from H2 to H0. With increasing temperature,
the H2 fraction decreases while the H fraction increases, as Figure 4.3 suggests. The
H0 collision rates are large and the increase in the H0 fraction produces this rapid
increase in theWH2 curve. Second,WH2 increases, when the density is above 108 cm−3,
because of higher vibration levels which have not reached Local Thermal Equilibrium
(LTE) . The increase is due to changing H2 rovibration level distribution. At high
temperatures, H2 with excited vibration level (v > 0) dominates the total cooling.
This changes the collisional suppression of the cooling. Third, there is a dramatic
decrease above 4000K where H2 heats rather than cools the gas. This is due to the
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Figure 4.2: H2 Cooling Function per H2 Molecule WH2 . The sharp cooling decrease
at low temperatures is caused by CMB heating. The decrease at high temperatures
is caused by high rovibrational levels, which are overpopulated following formation
pumping.
high populations in excited rovibration levels that are populated following formation
from H−. We adopt H− pumping distributions given by Launay et al. (1991). As
the temperature increases, there are more H2 molecules in high rovibrational levels,
especially for high-density cases, and the level excitation temperature can exceed the
gas kinetic temperature. H2 changes from a coolant to become a source of heating.
The cooling break when the gas kinetic temperature is smaller than CMB tem-
peratures, 57K in Figure 4.2, is discussed in Section 4.3.2.
4.3.1.2 HD
Figure 4.4 shows the HD cooling per HD molecule, WHD. HD cooling is important in
a range of 57K (the CMB temperature) to ∼ 120K for density nH > 102 cm−3. Due
to its non-trivial permanent dipole moment, which allows the HD molecule to easily
be excited from J = 0 to J = 1 (Flower 2007), HD molecules lead the cooling despite
its low abundance, which is approximately 10−5 of the H2 abundance. Similarly to
H2, HD emits a photon through collisional excitation and the major colliders are H0
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Figure 4.3: Low Temperature H2 Fraction.
and H2.
Below 103 K, WHD shows a collisional de-excitation signature akin to WH2 where
the critical density for HD is also nH = 103 cm−3. Above ∼ 103 K, the H2 and
HD abundances both decrease and H0 collisions become important. This produces
the bump around 1500K. similar to WH2 , WHD is proportional to the collider density
above 1500K. This is due to the high rovibration levels of HD become important at
high temperature.
Unlike H2, HD cooling does not have a cooling break above 4000K because of the
large cooling produced by low-lying levels. The density of HD molecules in highly
excited states remains subthermal so HD remains a coolant. Thus, HD may play a
non-trivial role at high-density case (nH > 109 cm−3) and temperature (above 4000K).
4.3.1.3 H
H0 line cooling is the main coolant process above ∼ 7000K for high-density cases. In
these conditions, H2 is no longer an effective coolant due to its low fractional abun-
dance. Since the h+ fraction is still low (. 103), H0 is the chief species. Figure 4.1
shows that high-density cooling functions approximately overlap above this tempera-
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Figure 4.4: HD Cooling Function per HD Molecule WHD. The cooling breaks at low
temperature is caused by CMB heating.
ture. This shows that the density does not reach the H0 critical density in the density
range consider here.
4.3.1.4 Compton Scattering and Radiative Attachment
Compton scattering and radiative attachment become the leading coolants when the
gas kinetic temperature is less than the CMB temperatures, because H2 and HD heat
the gas, as described in the next section. Compton scattering is important at low-
densities while radiative attachment dominates high densities. The electrons required
in these two processes come from the Li+. In our calculation, Li+/Li is about 10−3 for
temperature below 100K. This cooling is small and can be neglected in most thermal
balance calculations. As Figure 4.5 shows, the heating from HD is approximately 8
dex higher than the Compton scattering and radiative attachment cooling.
4.3.2 Cosmic Microwave Background
The CMB can affect gas cooling by modifying the level populations within molecules.
For the z = 20 case, the CMB has a temperature of 57K and pumps low-lying HD
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Figure 4.5: Cooling and Heating Comparison for Temperatures Below the CMB Tem-
perature at z = 20. The kinetic temperature of the gas cannot cool below the CMB
temperature because of coupling between level populations and the CMB.
levels. HD heating generates the cooling break shown in Figures 4.1 and 4.4 when the
gas kinetic temperature is less than the CMB temperature. This feature also appears
in H2 cooling as shown in Figure 4.2.
A simple estimation, Λ = Λ(T )−Λ(TCMB), for the cooling around the CMB tem-
perature is used by Tegmark et al. (1997); Glover & Abel (2008) and Nagakura &
Omukai (2005). Figure 4.6 compares this approximation and our calculation. The
Figure indicates that, around the CMB temperature, there is a 20%∼30% differ-
ence between the approximation and the full calculation. The approximation is an
appropriate method when precision is not a strict requirement.
Figure 4.7 shows primordial cooling without the CMB. The largest difference
between cases with and without the CMB occurs below the CMB temperature, 57K at
this redshift. HD molecules dominate the total cooling. H- free-free cooling becomes
the leading coolant below 15K in the highest density case (nH = 1010 cm−3). While
total cooling above CMB temperature, there is no obvious bias. Therefore, we only
provide the cooling data for the none CMB case below 100K in table 4.2.
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Figure 4.7: Low Temperature Primordial Cooling Function Without the CMB.
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Table 4.2: Low Temperature Primordial Cooling Function Without CMB
Temperature Λ(n = 0) Λ(n = 2) Λ(n = 4) Λ(n = 6) Λ(n = 8) Λ(n = 10)
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
1.00× 101 1.83× 10−35 1.68× 10−35 1.89× 10−36 2.10× 10−38 2.11× 10−40 2.11× 10−42
1.05× 101 5.06× 10−35 4.66× 10−35 5.22× 10−36 5.81× 10−38 5.82× 10−40 5.82× 10−42
1.10× 101 1.48× 10−34 1.37× 10−34 1.53× 10−35 1.71× 10−37 1.71× 10−39 1.71× 10−41
1.15× 101 3.75× 10−34 3.45× 10−34 3.87× 10−35 4.31× 10−37 4.31× 10−39 4.31× 10−41
1.20× 101 7.63× 10−34 7.03× 10−34 7.88× 10−35 8.78× 10−37 8.79× 10−39 8.79× 10−41
1.26× 101 1.35× 10−33 1.25× 10−33 1.40× 10−34 1.56× 10−36 1.56× 10−38 1.56× 10−40
1.32× 101 2.23× 10−33 2.05× 10−33 2.30× 10−34 2.56× 10−36 2.56× 10−38 2.56× 10−40
1.38× 101 3.51× 10−33 3.23× 10−33 3.62× 10−34 4.03× 10−36 4.04× 10−38 4.04× 10−40
1.45× 101 5.37× 10−33 4.95× 10−33 5.54× 10−34 6.18× 10−36 6.18× 10−38 6.18× 10−40
1.51× 101 8.04× 10−33 7.41× 10−33 8.30× 10−34 9.24× 10−36 9.25× 10−38 9.25× 10−40
1.58× 101 1.18× 10−32 1.09× 10−32 1.22× 10−33 1.36× 10−35 1.36× 10−37 1.36× 10−39
1.66× 101 1.70× 10−32 1.57× 10−32 1.75× 10−33 1.95× 10−35 1.96× 10−37 1.96× 10−39
1.74× 101 2.41× 10−32 2.22× 10−32 2.49× 10−33 2.77× 10−35 2.77× 10−37 2.77× 10−39
1.82× 101 3.37× 10−32 3.10× 10−32 3.47× 10−33 3.86× 10−35 3.86× 10−37 3.86× 10−39
1.91× 101 4.62× 10−32 4.26× 10−32 4.76× 10−33 5.30× 10−35 5.30× 10−37 5.30× 10−39
2.00× 101 6.27× 10−32 5.76× 10−32 6.44× 10−33 7.17× 10−35 7.17× 10−37 7.17× 10−39
2.09× 101 8.37× 10−32 7.70× 10−32 8.59× 10−33 9.56× 10−35 9.57× 10−37 9.57× 10−39
2.19× 101 1.10× 10−31 1.02× 10−31 1.13× 10−32 1.26× 10−34 1.26× 10−36 1.26× 10−38
2.29× 101 1.44× 10−31 1.32× 10−31 1.47× 10−32 1.63× 10−34 1.64× 10−36 1.64× 10−38
2.40× 101 1.85× 10−31 1.70× 10−31 1.89× 10−32 2.10× 10−34 2.10× 10−36 2.10× 10−38
2.51× 101 2.36× 10−31 2.16× 10−31 2.39× 10−32 2.66× 10−34 2.66× 10−36 2.66× 10−38
2.63× 101 2.97× 10−31 2.72× 10−31 3.00× 10−32 3.34× 10−34 3.34× 10−36 3.34× 10−38
2.75× 101 3.70× 10−31 3.39× 10−31 3.72× 10−32 4.14× 10−34 4.14× 10−36 4.14× 10−38
2.88× 101 4.57× 10−31 4.19× 10−31 4.57× 10−32 5.08× 10−34 5.09× 10−36 5.09× 10−38
3.02× 101 5.59× 10−31 5.12× 10−31 5.56× 10−32 6.18× 10−34 6.18× 10−36 6.18× 10−38
3.16× 101 6.79× 10−31 6.21× 10−31 6.70× 10−32 7.44× 10−34 7.45× 10−36 7.45× 10−38
3.31× 101 8.20× 10−31 7.47× 10−31 8.00× 10−32 8.89× 10−34 8.90× 10−36 8.90× 10−38
3.47× 101 9.85× 10−31 8.93× 10−31 9.48× 10−32 1.05× 10−33 1.05× 10−35 1.05× 10−37
3.63× 101 1.18× 10−30 1.06× 10−30 1.12× 10−31 1.24× 10−33 1.24× 10−35 1.24× 10−37
3.80× 101 1.41× 10−30 1.26× 10−30 1.30× 10−31 1.45× 10−33 1.45× 10−35 1.45× 10−37
3.98× 101 1.69× 10−30 1.49× 10−30 1.52× 10−31 1.69× 10−33 1.69× 10−35 1.69× 10−37
4.17× 101 1.36× 10−30 1.26× 10−30 1.67× 10−31 1.94× 10−33 1.94× 10−35 1.94× 10−37
4.37× 101 1.60× 10−30 1.47× 10−30 1.92× 10−31 2.23× 10−33 2.24× 10−35 2.23× 10−37
4.57× 101 1.88× 10−30 1.71× 10−30 2.19× 10−31 2.57× 10−33 2.57× 10−35 2.56× 10−37
4.79× 101 2.22× 10−30 2.00× 10−30 2.50× 10−31 2.94× 10−33 2.95× 10−35 2.92× 10−37
5.01× 101 2.64× 10−30 2.33× 10−30 2.85× 10−31 3.37× 10−33 3.38× 10−35 3.33× 10−37
5.25× 101 3.16× 10−30 2.74× 10−30 3.24× 10−31 3.86× 10−33 3.88× 10−35 3.79× 10−37
5.50× 101 3.83× 10−30 3.23× 10−30 3.68× 10−31 4.43× 10−33 4.45× 10−35 4.30× 10−37
5.75× 101 4.69× 10−30 3.84× 10−30 4.19× 10−31 5.09× 10−33 5.11× 10−35 4.89× 10−37
6.03× 101 5.83× 10−30 4.59× 10−30 4.77× 10−31 5.84× 10−33 5.88× 10−35 5.61× 10−37
6.31× 101 7.31× 10−30 5.55× 10−30 5.45× 10−31 6.73× 10−33 6.78× 10−35 6.51× 10−37
6.61× 101 9.28× 10−30 6.77× 10−30 6.23× 10−31 7.76× 10−33 7.83× 10−35 7.56× 10−37
6.92× 101 1.19× 10−29 8.27× 10−30 7.14× 10−31 8.96× 10−33 9.06× 10−35 8.78× 10−37
7.24× 101 1.54× 10−29 1.03× 10−29 8.19× 10−31 1.04× 10−32 1.05× 10−34 1.02× 10−36
7.59× 101 2.00× 10−29 1.27× 10−29 9.47× 10−31 1.20× 10−32 1.22× 10−34 1.20× 10−36
7.94× 101 2.56× 10−29 1.57× 10−29 1.09× 10−30 1.40× 10−32 1.42× 10−34 1.40× 10−36
8.32× 101 3.37× 10−29 1.94× 10−29 1.27× 10−30 1.63× 10−32 1.67× 10−34 1.64× 10−36
8.71× 101 4.35× 10−29 2.44× 10−29 1.48× 10−30 1.91× 10−32 1.94× 10−34 1.93× 10−36
9.12× 101 5.56× 10−29 3.03× 10−29 1.73× 10−30 2.26× 10−32 2.30× 10−34 2.29× 10−36
9.55× 101 7.32× 10−29 3.80× 10−29 2.05× 10−30 2.69× 10−32 2.76× 10−34 2.73× 10−36
1.00× 102 9.41× 10−29 4.69× 10−29 2.46× 10−30 3.22× 10−32 3.30× 10−34 3.28× 10−36
Note: n = log(nH), nH in unit of cm−3.
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Figure 4.8: Primordial Cooling Function With and Without the CMB and the CRB.
The hydrogen density is 1 cm−3
4.3.3 Cosmic Ray Background
A cosmic ray background may appear after the first generation of supernovae or when
primordial gas falls onto galaxies today. We calculate the primordial cooling including
the current galactic cosmic ray background condition, with and without CMB, and
compare it with cases without the CRB in Figure 4.8.
The CRB changes the cooling through its effects on the molecular fraction. The
cosmic ray ionization rate per molecule does not depend on density, while the molec-
ular formation rate increase linearly. As a result cosmic ray prevent low-density gas
from forming molecules but have little effect on dense regions. Figure 4.9 shows the
hydrogen atomic fraction for a low-density region and documents the change in chem-
istry produced by cosmic rays. As a result, H line cooling, instead of HD, becomes
the leading cooling processes under 100K. H2 is still the main coolant above 100K
but its shape is changed significantly. The CMB cooling break also disappears when
the CRB is included due to the smaller HD abundance. Our calculations show that
the cosmic rays have little effect for density greater than ∼ 104 cm−3.
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Figure 4.9: H0 Fraction With and Without the CMB and the CRB.
4.4 Solar Abundance Case
Our basic solar abundance cooling functions, which are shown in Figure 4.10, are
calculated with local universe CMB and default CRB. This assumes that dust has
not formed so that all abundances are not depleted. These cooling curves are much
more complex than those in the primordial cases due to the heavy-element molec-
ular cooling. We provide the cooling data in Table 4.3. Generally, heavy-element
molecules, molecules containing at least one metal atom, dominate the high-density
total cooling when molecular formation is efficient. Atomic cooling is important in
low density, where cosmic ray dissociation prevents molecule formation.
4.4.1 Important Coolants
Important coolants of solar abundance cooling function in each density are shown in
Figure 4.11 and Figure 4.12.
4.4.1.1 Atoms and Ions
Atoms and ions are the main coolants when nH < 103 cm−3 and T < 2000 K. In
these parameter ranges, due to CRB dissociation, there are few molecules to con-
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Table 4.3: Low Temperature Solar Abundance Cooling Function Λsolar
Temperature Λ(n = 0) Λ(n = 2) Λ(n = 4) Λ(n = 6) Λ(n = 8) Λ(n = 10)
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
1.00× 101 4.62× 10−29 3.63× 10−29 8.93× 10−30 1.72× 10−30 6.81× 10−31 2.85× 10−32
1.12× 101 6.12× 10−29 4.79× 10−29 1.10× 10−29 2.14× 10−30 1.00× 10−30 4.70× 10−32
1.26× 101 7.96× 10−29 6.19× 10−29 1.36× 10−29 2.75× 10−30 1.45× 10−30 7.61× 10−32
1.41× 101 1.02× 10−28 7.85× 10−29 1.67× 10−29 3.58× 10−30 2.07× 10−30 1.20× 10−31
1.58× 101 1.28× 10−28 9.82× 10−29 2.05× 10−29 4.69× 10−30 2.91× 10−30 1.85× 10−31
1.78× 101 1.60× 10−28 1.21× 10−28 2.50× 10−29 6.14× 10−30 4.02× 10−30 2.76× 10−31
2.00× 101 1.96× 10−28 1.47× 10−28 3.03× 10−29 8.03× 10−30 5.45× 10−30 4.10× 10−31
2.24× 101 2.37× 10−28 1.76× 10−28 3.64× 10−29 1.07× 10−29 7.41× 10−30 6.35× 10−31
2.51× 101 2.84× 10−28 2.07× 10−28 4.35× 10−29 1.40× 10−29 9.88× 10−30 9.84× 10−31
2.82× 101 3.35× 10−28 2.41× 10−28 5.17× 10−29 1.82× 10−29 1.29× 10−29 1.39× 10−30
3.16× 101 3.91× 10−28 2.76× 10−28 6.10× 10−29 2.30× 10−29 1.64× 10−29 1.87× 10−30
3.55× 101 4.51× 10−28 3.13× 10−28 7.17× 10−29 2.84× 10−29 2.04× 10−29 2.47× 10−30
3.98× 101 5.15× 10−28 3.51× 10−28 8.37× 10−29 3.36× 10−29 2.51× 10−29 3.23× 10−30
4.47× 101 5.83× 10−28 3.89× 10−28 9.71× 10−29 3.78× 10−29 3.06× 10−29 4.22× 10−30
5.01× 101 6.55× 10−28 4.28× 10−28 1.12× 10−28 4.01× 10−29 3.71× 10−29 5.49× 10−30
5.62× 101 7.34× 10−28 4.69× 10−28 1.29× 10−28 4.01× 10−29 4.51× 10−29 7.08× 10−30
6.31× 101 8.23× 10−28 5.10× 10−28 1.48× 10−28 4.09× 10−29 5.45× 10−29 8.27× 10−30
7.08× 101 9.26× 10−28 5.55× 10−28 1.72× 10−28 4.50× 10−29 6.50× 10−29 1.04× 10−29
7.94× 101 1.05× 10−27 6.04× 10−28 2.01× 10−28 5.26× 10−29 7.37× 10−29 1.32× 10−29
8.91× 101 1.21× 10−27 6.58× 10−28 2.35× 10−28 6.35× 10−29 5.01× 10−29 1.66× 10−29
1.00× 102 1.42× 10−27 7.21× 10−28 2.80× 10−28 7.80× 10−29 2.40× 10−29 1.98× 10−29
1.12× 102 1.68× 10−27 7.94× 10−28 3.33× 10−28 9.67× 10−29 1.59× 10−29 1.33× 10−29
1.26× 102 2.02× 10−27 8.80× 10−28 3.99× 10−28 1.20× 10−28 1.33× 10−29 6.35× 10−30
1.41× 102 2.44× 10−27 9.82× 10−28 4.79× 10−28 1.49× 10−28 1.31× 10−29 3.81× 10−30
1.58× 102 2.96× 10−27 1.10× 10−27 5.76× 10−28 1.84× 10−28 1.46× 10−29 4.30× 10−30
1.78× 102 3.62× 10−27 1.26× 10−27 6.92× 10−28 2.27× 10−28 1.78× 10−29 1.20× 10−29
2.00× 102 4.39× 10−27 1.43× 10−27 8.30× 10−28 2.77× 10−28 2.43× 10−29 5.11× 10−29
2.24× 102 5.28× 10−27 1.64× 10−27 9.90× 10−28 3.38× 10−28 4.12× 10−29 8.99× 10−29
2.51× 102 6.27× 10−27 1.87× 10−27 1.17× 10−27 4.12× 10−28 1.15× 10−28 1.11× 10−28
2.82× 102 7.36× 10−27 2.12× 10−27 1.37× 10−27 5.15× 10−28 3.80× 10−28 1.45× 10−28
3.16× 102 8.53× 10−27 2.39× 10−27 1.58× 10−27 6.84× 10−28 5.82× 10−28 1.58× 10−28
3.55× 102 9.78× 10−27 2.69× 10−27 1.84× 10−27 1.05× 10−27 5.98× 10−28 1.56× 10−28
3.98× 102 1.11× 10−26 3.03× 10−27 2.17× 10−27 1.58× 10−27 5.27× 10−28 1.75× 10−28
4.47× 102 1.25× 10−26 3.39× 10−27 2.61× 10−27 2.01× 10−27 4.58× 10−28 1.75× 10−28
5.01× 102 1.39× 10−26 3.79× 10−27 3.16× 10−27 2.32× 10−27 3.46× 10−28 9.21× 10−29
5.62× 102 1.53× 10−26 4.23× 10−27 3.79× 10−27 2.62× 10−27 2.48× 10−28 2.65× 10−29
6.31× 102 1.69× 10−26 4.72× 10−27 4.71× 10−27 2.91× 10−27 2.24× 10−28 1.29× 10−29
7.08× 102 1.85× 10−26 5.26× 10−27 6.12× 10−27 3.34× 10−27 2.26× 10−28 7.71× 10−30
7.94× 102 2.02× 10−26 5.87× 10−27 8.13× 10−27 3.93× 10−27 2.39× 10−28 5.20× 10−30
8.91× 102 2.20× 10−26 6.56× 10−27 1.10× 10−26 4.65× 10−27 2.58× 10−28 4.02× 10−30
1.00× 103 2.41× 10−26 7.34× 10−27 1.45× 10−26 5.51× 10−27 2.81× 10−28 3.61× 10−30
1.12× 103 2.63× 10−26 8.23× 10−27 7.30× 10−26 9.86× 10−27 3.28× 10−28 3.61× 10−30
1.26× 103 2.88× 10−26 9.26× 10−27 1.07× 10−25 1.27× 10−26 3.56× 10−28 3.79× 10−30
1.41× 103 3.16× 10−26 1.05× 10−26 1.34× 10−25 1.54× 10−26 3.85× 10−28 4.05× 10−30
1.58× 103 3.48× 10−26 1.19× 10−26 1.59× 10−25 1.81× 10−26 4.14× 10−28 4.33× 10−30
1.78× 103 3.86× 10−26 1.36× 10−26 1.81× 10−25 2.07× 10−26 4.45× 10−28 4.61× 10−30
2.00× 103 4.30× 10−26 1.58× 10−26 2.02× 10−25 2.33× 10−26 4.78× 10−28 4.94× 10−30
2.24× 103 4.79× 10−26 1.83× 10−26 2.06× 10−25 2.46× 10−26 5.11× 10−28 5.29× 10−30
2.51× 103 5.36× 10−26 2.16× 10−26 2.12× 10−25 2.60× 10−26 5.46× 10−28 5.67× 10−30
2.82× 103 6.05× 10−26 2.58× 10−26 2.19× 10−25 2.75× 10−26 5.81× 10−28 6.11× 10−30
3.16× 103 6.86× 10−26 3.11× 10−26 2.24× 10−25 2.89× 10−26 6.17× 10−28 6.65× 10−30
3.55× 103 7.83× 10−26 3.70× 10−26 2.25× 10−25 3.02× 10−26 6.54× 10−28 7.37× 10−30
3.98× 103 8.90× 10−26 4.27× 10−26 2.15× 10−25 3.14× 10−26 6.90× 10−28 8.58× 10−30
4.47× 103 1.00× 10−25 4.72× 10−26 1.79× 10−25 3.25× 10−26 7.27× 10−28 1.11× 10−29
5.01× 103 1.12× 10−25 4.99× 10−26 1.17× 10−25 3.33× 10−26 7.67× 10−28 1.66× 10−29
5.62× 103 1.24× 10−25 5.05× 10−26 6.93× 10−26 3.35× 10−26 8.11× 10−28 2.80× 10−29
6.31× 103 1.36× 10−25 4.91× 10−26 4.80× 10−26 3.28× 10−26 8.62× 10−28 4.87× 10−29
7.08× 103 1.49× 10−25 4.71× 10−26 3.95× 10−26 2.81× 10−26 8.43× 10−28 9.19× 10−29
7.94× 103 1.67× 10−25 4.57× 10−26 3.59× 10−26 1.87× 10−26 8.03× 10−28 2.37× 10−28
8.91× 103 2.01× 10−25 4.67× 10−26 3.48× 10−26 1.83× 10−26 1.43× 10−27 7.87× 10−28
1.00× 104 2.91× 10−25 5.71× 10−26 2.41× 10−26 7.08× 10−27 5.31× 10−27 4.50× 10−27
Note: n = log(nH), nH in unit of cm−3.
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Figure 4.10: Low Temperature Solar Abundance Cooling Function. Different colors
represent different hydrogen densities.
tribute to the cooling. The leading coolants here are C0, Si+, and O0 depending on
different temperatures and densities. Fe+ is also important due to the high gas-phase
abundance of iron in dust-free gas.
The total cooling function and the cooling functions of important species are given
in Figure 4.11 for nH < 103 cm−3. C0 is the dominant source of cooling under ∼120K.
Between 120K and 2000K, Si+ and O0 become more important, where the former
dominates at lower densities while the latter is important at the higher densities,
due to the changing effect of cosmic ray ionization as density changes. The cooling
function of Si+ is reduced at higher density because more S0 is present. For solar
abundances cosmic rays ionize H and H+ is neutralized by charge transfer with Si0
The fraction of Si+ is reduced at higher densities by this process. A reduction of Fe+
occurs due to the same reason.
In addition, Ca+, H0, Fe+, and Mg+ cooling are important when nH > 5×108 cm−3
and T > 3000 K. These coolants can cool the gas effectively because the critical
densities of their permitted lines have not been reached.
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Figure 4.11: Important Low Temperature Coolants for Solar Abundance at Low
Densities. The upper panel gives the cooling at nH = 102 cm−3, while the lower
panel is nH = 1 cm−3. Red lines show total cooling functions. Important coolants
are shown by other colors.
4.4.1.2 CO
In molecular clouds, CO is the major coolant and cools the gas via low rotational
energy levels (Flower 2007). Our calculations suggest CO is the most important
coolant of the intermediate densities (104 cm−3 < nH < 108 cm−3), as Figure 4.12
shows. CO is the dominant coolant between 50K and 700K. CO also leads the total
cooling below 50K when nH < 106 < cm−3. This temperature and density range
agrees with Neufeld et al. (1995). CO is also a significant coolant above 4000K. Note
that the LAMBDA database, which is used for CO emission, only includes v = 0
levels. Since higher vibration levels have energies larger than 104K, the missing high-
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Figure 4.12: Important Low Temperature Coolants for Solar Abundance at High
Densities. Panels from top to the bottom give the cooling at nH = 1010 cm−3,
nH = 10
8 cm−3, nH = 106 cm−3, and nH = 104 cm−3. Red lines show the total cooling
functions while important coolants are shown in other colors.
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vibration levels will not add to the cooling over the temperature range considered
in this paper. In these temperatures, CO cannot be neglected even when densities
reach 5× 108 cm−3, though Figure 4.13 has shown that CO cooling has already been
reduced by collisional de-excitation when hydrogen density reach 106 cm−3.
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Figure 4.13: CO Cooling Function per CO Molecule WCO.
Due to the CRB, it is difficult for CO to survive when nH ≤ 103 cm−3. Considering
the ratio between the CRB and density is the parameter matter in the chemistry
reaction, CO can only be significant when CMB/nH < 2× 109 cm3s−1. CO molecules
can contain nearly all of the carbon atoms in the temperature ranges this Chapter
discussed if CRB were not present.
4.4.1.3 H2O
Figure 4.12 suggests that water is the most efficient coolant in high densities and
low temperatures. It is more important than CO at low temperature end and its
importance increases with increasing density. It is the leading coolant under 50K
when nH ≥ 106 cm−3 and 800K when nH ≥ 1010 cm−3. Above 800K, H2O cooling
is negligible because its abundance is reduced rapidly with increasing of tempera-
ture. For parameter ranges where H2O dominates, the cooling curve is determined
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by the abundance of water. The most obvious feature is the bump whose center
is located at 150K. Around this temperature, water mainly forms through reaction
H + OH→ H2O + photon and H2 + OH→ H2O + H. With increasing of tempera-
ture, the rate coefficient of the former reaction is decreases quickly while the latter
increases rapidly. The integrated result is that the water abundance has a local min-
imal value. The cooling function has a local minimum at the same temperature as
the water abundance.
4.4.1.4 SiO
Unlike previous cooling works (such as Smith et al. 2008), we find that, for nH >
103 cm−3, SiO plays a significant role in cooling between 800K and 4000K. Over
this range, SiO can provide over 50% of the total cooling. When 103 cm−3 < nH <
106 cm−3, SiO can cool the gas effectively and produces a plateau feature above
1000K. Above 106 cm−3, SiO cooling is collisionally suppressed and shows a depres-
sion. Similarly to CO, SiO cannot exist below 103 cm−3 due to the CRB; therefore,
SiO cooling below this density can be neglected.
4.4.2 Metallicity Effects
In solar abundance cases, since the metal elements provide most of the cooling, chang-
ing the metallicity will greatly alter the total cooling. Metallicity changes the total
cooling rate not only by varying the abundances of metal elements, but also by altering
the chemistry balance (Wang et al. 2014). Figure 4.14 shows these metallicity-induced
modifications for different densities. Above 10−2Z, the total cooling is approximately
proportional to metallicity below 1000K. If the metallicity were lower, H2 and atomic
H cooling will surpass the metal cooling and give the total cooling a “lowest limit”.
This feature holds when nH ≤ 106 cm−3. Above this density, where water is the ma-
jor coolant, cooling is still approximately proportional to the metallicity even if the
metallicity is as low as 10−4Z. The shape of the water cooling is changed by metal-
licity through changes in the chemistry balance. The local minimum around 150K
vanishes at low metallicity. This is because the reaction e− + H3O+ → H2O + H is
comparable to the other 2 reactions mentioned in the previous section. This changes
the creation rate of water around 150K. Above 1000K, a lower metallicity produces
an increased fraction of H in H2. This is because, at higher metallicity, there are more
heavy elements involved in H2 destruction reactions such as H2 + O→ H + OH. H2
is an effective coolant for these temperatures, so, paradoxically, lower metallicity in-
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Figure 4.14: Metallicity Effects on Low Temperature Cooling Function. Panels from
top to bottom give the cooling function at different densities. Different colors present
for different metallicities.
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creases the total cooling. The total cooling at lower metallicities may even exceed
those at higher metallicities. Above 5000K, the H0 line cooling may also exceed the
metal cooling for the low metallicity and high-density cases. Thus, the cooling curves
are similar to those in the primordial case. Numerical data of cooling function at
Z = 10Z, Z = 10−2Z, and Z = 10−4Z are given in Table 4.4 ∼ 4.6.
Figures 4.15 show the fraction of the total cooling carried by the heavy elements,
including molecules, atoms, and ions. It is clear that metal cooling dominates at the
low temperature and high-density corner of each graph. With increasing metallicity,
metal cooling becomes more and more significant. These results can be approximated
by the following relation which shows when the metals dominate the total cooling for
abundances below solar:
nH > 0.01× ( T
100K
)4 × ( Z
Z
)−2 cm−3. (4.2)
Figures 4.16 show the fraction of the total cooling carried by heavy element
molecules. It does not include atoms and ions, which are included in 4.15. This
fraction can be split into 2 parts. For temperature above 1000K, the main metal
molecule coolant is SiO. Cooling is roughly proportional to metallicity above 10−2Z
and nearly vanishes below this abundance. Below 1000K, H2O and CO are the main
metal molecule coolants. Their cooling dominates when:
nH > 10
4 × ( Z
Z
)−0.9 cm−3. (4.3)
Figures 4.17 show the fraction of the total cooling carried by all molecules (metal
molecules cooing plus H2 and HD cooling). When the metallicity increases, atomic
and ionic cooling becomes more important than molecules at low density and low
temperature. This is because the CRB dissociates the molecules at low density, while
the heavy elements become more important when the metallicity is high. Eventually,
the molecular cooling fraction becomes the same as the metal molecule cooling at
high metallicity (Z = 10Z). Here metal cooling is strong enough to domain the
total cooling at all temperatures and densities this Chapter discusses.
4.4.3 Cosmic Ray Background
Chemistry reaction rates in the gas depend on ηCRB = ξ/nH, where ξ is the CRB
ionization rate. The abundances of gas constituents change according to this ratio.
Figure 4.18 shows the cooling for a low density of nH = 1 cm−3 and various value
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Table 4.4: Low Temperature Cooling Function at Z = 10Z
Temperature Λ(n = 0) Λ(n = 2) Λ(n = 4) Λ(n = 6) Λ(n = 8) Λ(n = 10)
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
1.00× 101 4.58× 1028 3.75× 1028 1.33× 1028 2.63× 1029 6.60× 1030 2.63× 1031
1.12× 101 6.09× 1028 4.90× 1028 1.67× 1028 3.25× 1029 9.70× 1030 4.32× 1031
1.26× 101 7.92× 1028 6.28× 1028 2.07× 1028 4.05× 1029 1.41× 1029 6.96× 1031
1.41× 101 1.01× 1027 7.92× 1028 2.54× 1028 5.12× 1029 2.01× 1029 1.10× 1030
1.58× 101 1.28× 1027 9.84× 1028 3.11× 1028 6.51× 1029 2.83× 1029 1.69× 1030
1.78× 101 1.59× 1027 1.21× 1027 3.79× 1028 8.31× 1029 3.91× 1029 2.52× 1030
2.00× 101 1.95× 1027 1.46× 1027 4.57× 1028 1.06× 1028 5.31× 1029 3.68× 1030
2.24× 101 2.37× 1027 1.74× 1027 5.48× 1028 1.36× 1028 7.22× 1029 5.31× 1030
2.51× 101 2.83× 1027 2.05× 1027 6.51× 1028 1.72× 1028 9.63× 1029 7.65× 1030
2.82× 101 3.35× 1027 2.38× 1027 7.68× 1028 2.04× 1028 1.26× 1028 1.09× 1029
3.16× 101 3.90× 1027 2.72× 1027 9.02× 1028 2.28× 1028 1.63× 1028 1.52× 1029
3.55× 101 4.51× 1027 3.08× 1027 1.05× 1027 2.44× 1028 2.07× 1028 2.08× 1029
3.98× 101 5.14× 1027 3.45× 1027 1.23× 1027 2.57× 1028 2.57× 1028 2.84× 1029
4.47× 101 5.81× 1027 3.83× 1027 1.42× 1027 2.73× 1028 3.13× 1028 3.85× 1029
5.01× 101 6.52× 1027 4.22× 1027 1.64× 1027 2.95× 1028 3.77× 1028 5.14× 1029
5.62× 101 7.25× 1027 4.61× 1027 1.89× 1027 3.28× 1028 4.52× 1028 6.63× 1029
6.31× 101 8.04× 1027 5.03× 1027 2.19× 1027 3.75× 1028 5.33× 1028 8.26× 1029
7.08× 101 8.88× 1027 5.47× 1027 2.53× 1027 4.41× 1028 4.84× 1028 1.04× 1028
7.94× 101 9.82× 1027 5.95× 1027 2.93× 1027 5.27× 1028 3.00× 1028 1.31× 1028
8.91× 101 1.09× 1026 6.48× 1027 3.39× 1027 6.40× 1028 1.83× 1028 1.50× 1028
1.00× 102 1.21× 1026 7.08× 1027 3.95× 1027 7.82× 1028 1.28× 1028 1.06× 1028
1.12× 102 1.36× 1026 7.77× 1027 4.62× 1027 9.65× 1028 1.09× 1028 5.15× 1029
1.26× 102 1.53× 1026 8.58× 1027 5.42× 1027 1.20× 1027 1.07× 1028 2.77× 1029
1.41× 102 1.75× 1026 9.51× 1027 6.37× 1027 1.49× 1027 1.16× 1028 1.83× 1029
1.58× 102 2.01× 1026 1.06× 1026 7.52× 1027 1.85× 1027 1.35× 1028 2.17× 1029
1.78× 102 2.34× 1026 1.20× 1026 8.90× 1027 2.29× 1027 1.65× 1028 5.97× 1029
2.00× 102 2.74× 1026 1.36× 1026 1.05× 1026 2.83× 1027 2.16× 1028 2.65× 1028
2.24× 102 3.21× 1026 1.55× 1026 1.25× 1026 3.47× 1027 3.29× 1028 7.38× 1028
2.51× 102 3.74× 1026 1.75× 1026 1.47× 1026 4.32× 1027 6.98× 1028 1.05× 1027
2.82× 102 4.33× 1026 1.97× 1026 1.73× 1026 5.55× 1027 1.69× 1027 1.25× 1027
3.16× 102 4.98× 1026 2.21× 1026 2.05× 1026 7.17× 1027 2.75× 1027 1.41× 1027
3.55× 102 5.70× 1026 2.47× 1026 2.46× 1026 9.03× 1027 3.37× 1027 1.87× 1027
3.98× 102 6.50× 1026 2.75× 1026 2.95× 1026 1.11× 1026 5.40× 1027 2.56× 1027
4.47× 102 7.35× 1026 3.05× 1026 3.50× 1026 1.34× 1026 8.57× 1027 3.03× 1027
5.01× 102 8.28× 1026 3.37× 1026 4.13× 1026 1.65× 1026 9.40× 1027 2.93× 1027
5.62× 102 9.29× 1026 3.71× 1026 5.17× 1026 2.22× 1026 5.42× 1027 1.41× 1027
6.31× 102 1.04× 1025 4.08× 1026 6.73× 1026 2.73× 1026 2.20× 1027 2.05× 1028
7.08× 102 1.16× 1025 4.49× 1026 8.78× 1026 3.31× 1026 2.01× 1027 5.52× 1029
7.94× 102 1.29× 1025 4.94× 1026 1.13× 1025 4.00× 1026 2.23× 1027 3.84× 1029
8.91× 102 1.42× 1025 5.47× 1026 1.42× 1025 4.81× 1026 2.48× 1027 3.42× 1029
1.00× 103 1.57× 1025 6.15× 1026 1.75× 1025 5.71× 1026 2.76× 1027 3.37× 1029
1.12× 103 1.73× 1025 7.02× 1026 9.07× 1025 1.01× 1025 3.25× 1027 3.51× 1029
1.26× 103 1.90× 1025 8.14× 1026 1.32× 1024 1.30× 1025 3.54× 1027 3.74× 1029
1.41× 103 2.09× 1025 9.50× 1026 1.67× 1024 1.58× 1025 3.83× 1027 4.02× 1029
1.58× 103 2.29× 1025 1.12× 1025 2.01× 1024 1.84× 1025 4.13× 1027 4.33× 1029
1.78× 103 2.51× 1025 1.32× 1025 2.34× 1024 2.11× 1025 4.44× 1027 4.60× 1029
2.00× 103 2.75× 1025 1.59× 1025 2.66× 1024 2.38× 1025 4.77× 1027 4.93× 1029
2.24× 103 3.02× 1025 1.85× 1025 2.76× 1024 2.51× 1025 5.11× 1027 5.27× 1029
2.51× 103 3.32× 1025 2.16× 1025 2.86× 1024 2.65× 1025 5.45× 1027 5.65× 1029
2.82× 103 3.66× 1025 2.53× 1025 2.95× 1024 2.80× 1025 5.81× 1027 6.09× 1029
3.16× 103 4.04× 1025 2.89× 1025 3.03× 1024 2.94× 1025 6.17× 1027 6.64× 1029
3.55× 103 4.48× 1025 3.17× 1025 3.09× 1024 3.06× 1025 6.54× 1027 7.39× 1029
3.98× 103 4.98× 1025 3.40× 1025 3.13× 1024 3.19× 1025 6.90× 1027 8.54× 1029
4.47× 103 5.55× 1025 3.50× 1025 3.10× 1024 3.31× 1025 7.26× 1027 1.06× 1028
5.01× 103 6.21× 1025 3.55× 1025 2.92× 1024 3.42× 1025 7.65× 1027 1.48× 1028
5.62× 103 7.02× 1025 3.59× 1025 2.58× 1024 3.53× 1025 8.09× 1027 2.42× 1028
6.31× 103 8.09× 1025 3.65× 1025 2.14× 1024 3.63× 1025 8.66× 1027 4.52× 1028
7.08× 103 9.43× 1025 3.73× 1025 1.73× 1024 3.70× 1025 9.60× 1027 9.54× 1028
7.94× 103 1.11× 1024 3.79× 1025 1.25× 1024 3.23× 1025 1.11× 1026 2.55× 1027
8.91× 103 1.33× 1024 3.44× 1025 5.25× 1025 8.07× 1026 2.21× 1026 1.29× 1026
1.00× 104 1.67× 1024 3.68× 1025 2.35× 1025 8.80× 1026 5.46× 1026 3.95× 1026
Note: n = log(nH), nH in unit of cm−3.
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Table 4.5: Low Temperature Cooling Function at Z = 10−2Z
Temperature Λ(n = 0) Λ(n = 2) Λ(n = 4) Λ(n = 6) Λ(n = 8) Λ(n = 10)
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
1.00× 101 6.48× 1031 3.65× 1031 1.75× 1032 5.01× 1034 6.65× 1033 3.18× 1034
1.12× 101 8.23× 1031 4.81× 1031 2.29× 1032 6.28× 1034 9.78× 1033 5.19× 1034
1.26× 101 1.03× 1030 6.22× 1031 2.95× 1032 8.01× 1034 1.41× 1032 8.34× 1034
1.41× 101 1.29× 1030 7.90× 1031 3.74× 1032 1.04× 1033 2.01× 1032 1.31× 1033
1.58× 101 1.59× 1030 9.89× 1031 4.70× 1032 1.35× 1033 2.83× 1032 2.01× 1033
1.78× 101 1.94× 1030 1.22× 1030 5.87× 1032 1.78× 1033 3.91× 1032 3.06× 1033
2.00× 101 2.35× 1030 1.49× 1030 7.31× 1032 2.38× 1033 5.32× 1032 4.99× 1033
2.24× 101 2.82× 1030 1.81× 1030 9.10× 1032 3.24× 1033 7.28× 1032 8.18× 1033
2.51× 101 3.35× 1030 2.17× 1030 1.14× 1031 4.54× 1033 9.81× 1032 1.20× 1032
2.82× 101 3.93× 1030 2.59× 1030 1.43× 1031 6.58× 1033 1.30× 1031 1.70× 1032
3.16× 101 4.58× 1030 3.07× 1030 1.81× 1031 9.90× 1033 1.69× 1031 2.37× 1032
3.55× 101 5.29× 1030 3.61× 1030 2.30× 1031 1.55× 1032 2.16× 1031 3.29× 1032
3.98× 101 6.07× 1030 4.23× 1030 2.93× 1031 2.50× 1032 2.74× 1031 4.51× 1032
4.47× 101 6.91× 1030 4.90× 1030 3.73× 1031 4.07× 1032 3.44× 1031 6.11× 1032
5.01× 101 7.83× 1030 5.58× 1030 4.72× 1031 6.57× 1032 4.26× 1031 8.13× 1032
5.62× 101 8.85× 1030 6.21× 1030 5.91× 1031 1.03× 1031 5.21× 1031 1.06× 1031
6.31× 101 9.98× 1030 6.74× 1030 7.35× 1031 1.57× 1031 6.28× 1031 1.34× 1031
7.08× 101 1.13× 1029 7.22× 1030 9.14× 1031 2.30× 1031 7.44× 1031 1.66× 1031
7.94× 101 1.30× 1029 7.75× 1030 1.16× 1030 3.26× 1031 8.61× 1031 2.01× 1031
8.91× 101 1.51× 1029 8.49× 1030 1.57× 1030 4.46× 1031 9.72× 1031 2.39× 1031
1.00× 102 1.80× 1029 9.54× 1030 2.15× 1030 5.98× 1031 1.05× 1030 2.23× 1031
1.12× 102 2.19× 1029 1.09× 1029 2.85× 1030 7.83× 1031 1.02× 1030 2.77× 1031
1.26× 102 2.71× 1029 1.28× 1029 3.68× 1030 1.01× 1030 6.59× 1031 3.56× 1031
1.41× 102 3.38× 1029 1.54× 1029 4.74× 1030 1.27× 1030 3.39× 1031 4.31× 1031
1.58× 102 4.27× 1029 1.92× 1029 6.12× 1030 1.59× 1030 2.59× 1031 4.99× 1031
1.78× 102 5.45× 1029 2.49× 1029 7.93× 1030 1.96× 1030 3.22× 1031 6.33× 1031
2.00× 102 6.99× 1029 3.32× 1029 1.02× 1029 2.39× 1030 7.55× 1031 7.78× 1031
2.24× 102 9.00× 1029 4.58× 1029 1.34× 1029 2.89× 1030 2.25× 1030 9.73× 1031
2.51× 102 1.16× 1028 6.46× 1029 1.75× 1029 3.48× 1030 3.86× 1030 1.23× 1030
2.82× 102 1.51× 1028 9.25× 1029 2.27× 1029 4.17× 1030 5.28× 1030 1.41× 1030
3.16× 102 1.98× 1028 1.34× 1028 2.97× 1029 4.95× 1030 6.78× 1030 1.64× 1030
3.55× 102 2.62× 1028 1.98× 1028 3.93× 1029 5.87× 1030 7.72× 1030 2.17× 1030
3.98× 102 3.49× 1028 2.91× 1028 5.24× 1029 7.08× 1030 9.38× 1030 2.63× 1030
4.47× 102 4.69× 1028 4.33× 1028 7.24× 1029 8.71× 1030 1.11× 1029 2.36× 1030
5.01× 102 6.37× 1028 6.43× 1028 1.02× 1028 1.13× 1029 1.03× 1029 1.61× 1030
5.62× 102 8.75× 1028 9.78× 1028 1.49× 1028 1.56× 1029 7.93× 1030 9.93× 1031
6.31× 102 1.22× 1027 1.51× 1027 2.19× 1028 1.98× 1029 5.85× 1030 6.05× 1031
7.08× 102 1.73× 1027 2.32× 1027 3.21× 1028 2.28× 1029 4.49× 1030 3.76× 1031
7.94× 102 2.51× 1027 3.55× 1027 4.68× 1028 2.70× 1029 3.68× 1030 2.39× 1031
8.91× 102 3.68× 1027 5.45× 1027 6.94× 1028 3.46× 1029 3.25× 1030 1.55× 1031
1.00× 103 5.44× 1027 8.39× 1027 1.06× 1027 4.77× 1029 3.11× 1030 1.04× 1031
1.12× 103 8.07× 1027 1.30× 1026 1.70× 1027 6.84× 1029 3.43× 1030 7.56× 1032
1.26× 103 1.20× 1026 2.00× 1026 2.84× 1027 9.45× 1029 4.06× 1030 6.33× 1032
1.41× 103 1.77× 1026 3.04× 1026 4.95× 1027 1.24× 1028 5.20× 1030 6.28× 1032
1.58× 103 2.64× 1026 4.62× 1026 8.84× 1027 1.56× 1028 6.24× 1030 7.32× 1032
1.78× 103 3.97× 1026 7.03× 1026 1.51× 1026 1.91× 1028 6.95× 1030 9.40× 1032
2.00× 103 5.98× 1026 1.06× 1025 2.27× 1026 2.30× 1028 7.57× 1030 1.23× 1031
2.24× 103 8.90× 1026 1.59× 1025 3.00× 1026 2.74× 1028 8.20× 1030 1.61× 1031
2.51× 103 1.28× 1025 2.31× 1025 3.72× 1026 3.24× 1028 8.88× 1030 2.15× 1031
2.82× 103 1.73× 1025 3.22× 1025 4.64× 1026 3.80× 1028 9.59× 1030 2.98× 1031
3.16× 103 2.14× 1025 4.24× 1025 5.85× 1026 4.41× 1028 1.02× 1029 3.90× 1031
3.55× 103 2.38× 1025 5.30× 1025 7.33× 1026 4.96× 1028 1.05× 1029 4.30× 1031
3.98× 103 2.40× 1025 6.22× 1025 8.29× 1026 5.12× 1028 1.00× 1029 4.05× 1031
4.47× 103 2.21× 1025 6.64× 1025 7.47× 1026 4.45× 1028 8.72× 1030 3.96× 1031
5.01× 103 1.98× 1025 6.14× 1025 4.74× 1026 3.18× 1028 7.68× 1030 4.88× 1031
5.62× 103 1.70× 1025 4.69× 1025 2.04× 1026 2.20× 1028 7.59× 1030 7.08× 1031
6.31× 103 1.40× 1025 2.99× 1025 7.35× 1027 1.68× 1028 8.11× 1030 1.72× 1030
7.08× 103 1.13× 1025 1.69× 1025 2.53× 1027 1.54× 1028 1.20× 1029 7.28× 1030
7.94× 103 9.18× 1026 8.97× 1026 9.25× 1028 1.62× 1028 4.62× 1029 4.12× 1029
8.91× 103 8.44× 1026 4.68× 1026 5.98× 1028 2.81× 1028 2.66× 1028 2.62× 1028
1.00× 104 1.22× 1025 2.78× 1026 2.99× 1027 2.73× 1027 2.71× 1027 2.74× 1027
Note: n = log(nH), nH in unit of cm−3.
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Table 4.6: Low Temperature Cooling Function at Z = 10−4Z
Temperature Λ(n = 0) Λ(n = 2) Λ(n = 4) Λ(n = 6) Λ(n = 8) Λ(n = 10)
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
1.00× 101 1.93× 1031 6.60× 1033 2.97× 1034 1.13× 1035 1.40× 1035 2.91× 1036
1.12× 101 2.19× 1031 8.23× 1033 3.97× 1034 1.38× 1035 2.16× 1035 4.78× 1036
1.26× 101 2.49× 1031 1.03× 1032 5.78× 1034 1.74× 1035 3.28× 1035 7.75× 1036
1.41× 101 2.83× 1031 1.33× 1032 9.54× 1034 2.37× 1035 4.97× 1035 1.23× 1035
1.58× 101 3.21× 1031 1.82× 1032 1.77× 1033 3.56× 1035 7.30× 1035 1.90× 1035
1.78× 101 3.66× 1031 2.71× 1032 3.48× 1033 5.87× 1035 1.06× 1034 2.86× 1035
2.00× 101 4.16× 1031 4.37× 1032 6.83× 1033 1.02× 1034 1.51× 1034 4.26× 1035
2.24× 101 4.75× 1031 7.41× 1032 1.30× 1032 1.80× 1034 2.16× 1034 6.41× 1035
2.51× 101 5.43× 1031 1.26× 1031 2.33× 1032 3.09× 1034 3.02× 1034 9.39× 1035
2.82× 101 6.23× 1031 2.11× 1031 3.95× 1032 5.12× 1034 4.10× 1034 1.34× 1034
3.16× 101 7.19× 1031 3.39× 1031 6.34× 1032 8.15× 1034 5.42× 1034 1.89× 1034
3.55× 101 8.36× 1031 5.22× 1031 9.63× 1032 1.25× 1033 7.06× 1034 2.64× 1034
3.98× 101 9.79× 1031 7.66× 1031 1.39× 1031 1.85× 1033 8.99× 1034 3.66× 1034
4.47× 101 1.15× 1030 1.06× 1030 1.92× 1031 2.68× 1033 1.13× 1033 5.02× 1034
5.01× 101 1.35× 1030 1.36× 1030 2.54× 1031 3.88× 1033 1.40× 1033 6.78× 1034
5.62× 101 1.58× 1030 1.59× 1030 3.19× 1031 5.62× 1033 1.74× 1033 9.02× 1034
6.31× 101 1.80× 1030 1.69× 1030 3.84× 1031 8.21× 1033 2.21× 1033 1.18× 1033
7.08× 101 2.04× 1030 1.69× 1030 4.46× 1031 1.20× 1032 2.87× 1033 1.53× 1033
7.94× 101 2.34× 1030 1.66× 1030 5.20× 1031 1.76× 1032 3.83× 1033 1.95× 1033
8.91× 101 2.77× 1030 1.73× 1030 6.65× 1031 2.60× 1032 5.29× 1033 2.45× 1033
1.00× 102 3.42× 1030 1.96× 1030 9.15× 1031 3.81× 1032 7.53× 1033 3.07× 1033
1.12× 102 4.40× 1030 2.35× 1030 1.21× 1030 5.53× 1032 1.09× 1032 3.81× 1033
1.26× 102 5.86× 1030 3.01× 1030 1.58× 1030 7.99× 1032 1.58× 1032 4.79× 1033
1.41× 102 8.03× 1030 4.21× 1030 2.12× 1030 1.15× 1031 2.25× 1032 6.02× 1033
1.58× 102 1.13× 1029 6.35× 1030 3.02× 1030 1.67× 1031 3.02× 1032 7.23× 1033
1.78× 102 1.62× 1029 1.01× 1029 4.54× 1030 2.44× 1031 3.80× 1032 8.97× 1033
2.00× 102 2.36× 1029 1.64× 1029 7.07× 1030 3.57× 1031 4.33× 1032 1.16× 1032
2.24× 102 3.47× 1029 2.70× 1029 1.13× 1029 5.25× 1031 4.03× 1032 1.45× 1032
2.51× 102 5.13× 1029 4.44× 1029 1.82× 1029 7.79× 1031 3.60× 1032 1.78× 1032
2.82× 102 7.57× 1029 7.20× 1029 2.90× 1029 1.17× 1030 3.93× 1032 2.15× 1032
3.16× 102 1.12× 1028 1.16× 1028 4.61× 1029 1.82× 1030 5.11× 1032 2.58× 1032
3.55× 102 1.64× 1028 1.85× 1028 7.36× 1029 2.94× 1030 7.85× 1032 3.12× 1032
3.98× 102 2.39× 1028 2.89× 1028 1.18× 1028 4.65× 1030 1.25× 1031 3.76× 1032
4.47× 102 3.48× 1028 4.55× 1028 1.99× 1028 7.28× 1030 1.79× 1031 4.21× 1032
5.01× 102 5.05× 1028 7.06× 1028 3.32× 1028 1.11× 1029 2.17× 1031 3.89× 1032
5.62× 102 7.34× 1028 1.12× 1027 5.56× 1028 1.69× 1029 2.28× 1031 2.83× 1032
6.31× 102 1.07× 1027 1.80× 1027 9.32× 1028 2.50× 1029 2.37× 1031 2.19× 1032
7.08× 102 1.58× 1027 2.88× 1027 1.54× 1027 4.07× 1029 2.76× 1031 1.47× 1032
7.94× 102 2.36× 1027 4.57× 1027 2.55× 1027 7.30× 1029 4.43× 1031 1.09× 1032
8.91× 102 3.55× 1027 7.31× 1027 4.18× 1027 1.32× 1028 7.31× 1031 9.50× 1033
1.00× 103 5.34× 1027 1.18× 1026 7.08× 1027 2.33× 1028 1.27× 1030 9.71× 1033
1.12× 103 8.04× 1027 1.96× 1026 1.23× 1026 3.88× 1028 2.90× 1030 1.17× 1032
1.26× 103 1.20× 1026 3.26× 1026 2.20× 1026 5.96× 1028 1.84× 1030 1.62× 1032
1.41× 103 1.80× 1026 5.41× 1026 3.94× 1026 1.03× 1027 2.59× 1030 2.69× 1032
1.58× 103 2.71× 1026 9.05× 1026 6.95× 1026 1.21× 1027 3.59× 1030 6.14× 1032
1.78× 103 4.12× 1026 1.50× 1025 1.15× 1025 1.64× 1027 4.88× 1030 1.26× 1031
2.00× 103 6.28× 1026 2.41× 1025 1.70× 1025 2.23× 1027 6.20× 1030 2.08× 1031
2.24× 103 9.47× 1026 3.57× 1025 2.27× 1025 2.85× 1027 7.86× 1030 3.09× 1031
2.51× 103 1.38× 1025 4.79× 1025 2.95× 1025 3.59× 1027 9.46× 1030 4.23× 1031
2.82× 103 1.88× 1025 5.89× 1025 3.90× 1025 4.40× 1027 1.04× 1029 4.95× 1031
3.16× 103 2.31× 1025 6.92× 1025 4.97× 1025 4.26× 1027 8.91× 1030 4.08× 1031
3.55× 103 2.55× 1025 7.96× 1025 5.23× 1025 3.34× 1027 5.79× 1030 2.28× 1031
3.98× 103 2.53× 1025 8.92× 1025 3.87× 1025 2.03× 1027 3.08× 1030 1.00× 1031
4.47× 103 2.31× 1025 9.27× 1025 2.13× 1025 1.08× 1027 1.33× 1030 4.20× 1032
5.01× 103 2.04× 1025 8.28× 1025 9.08× 1026 4.69× 1028 5.00× 1031 2.88× 1032
5.62× 103 1.73× 1025 5.91× 1025 2.92× 1026 1.45× 1028 1.76× 1031 1.14× 1031
6.31× 103 1.43× 1025 3.50× 1025 8.56× 1027 2.66× 1029 8.84× 1031 8.21× 1031
7.08× 103 1.14× 1025 1.87× 1025 2.54× 1027 6.32× 1030 6.02× 1030 5.99× 1030
7.94× 103 9.19× 1026 9.54× 1026 7.80× 1028 3.91× 1029 3.88× 1029 3.88× 1029
8.91× 103 8.36× 1026 4.82× 1026 4.28× 1028 2.57× 1028 2.56× 1028 2.57× 1028
1.00× 104 1.21× 1025 2.77× 1026 2.78× 1027 2.69× 1027 2.69× 1027 2.72× 1027
Note: n = log(nH), nH in unit of cm−3.
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Figure 4.15: Ratio of Metal Cooling to Total Cooling for Different Metallicities and
Densities. Panels from top to bottom are for metallicities of Z = 10Z, Z = Z,
Z = 10−2Z, and Z = 10−4Z.
87
Z=
10
Z s
u
n
"./z10/LowT_GASS.scr" u ($1):($2):(($7)>1 ? 1: ($7))
101 102 103 104
Temperature (K)
100
102
104
106
108
1010
D
en
si
ty
 (c
m-
3 )
 0  0.2  0.4  0.6  0.8  1
Z=
Z s
u
n
"./z1/LowT_GASS.scr" u ($1):($2):(($7)>1 ? 1: ($7))
101 102 103 104
Temperature (K)
100
102
104
106
108
1010
D
en
si
ty
 (c
m-
3 )
Z=
10
-
2 Z
su
n
"./z-2/LowT_GASS.scr" u ($1):($2):(($7)>1 ? 1: ($7))
101 102 103 104
Temperature (K)
100
102
104
106
108
1010
D
en
si
ty
 (c
m-
3 )
Z=
10
-
4 Z
su
n
"./z-4/LowT_GASS.scr" u ($1):($2):(($7)>1 ? 1: ($7))
101 102 103 104
Temperature (K)
100
102
104
106
108
1010
D
en
si
ty
 (c
m-
3 )
Figure 4.16: Ratio of Heavy Element Molecule Cooling to Total Cooling for Different
Metallicities and Densities. Panels from top to bottom are for metallicities of Z =
10Z, Z = Z, Z = 10−2Z, and Z = 10−4Z.
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Figure 4.17: Ratio of Molecular Cooling to Total Cooling for Different Metallicities
and Densities. Panels from top to bottom are for metallicities of Z = 10Z, Z = Z,
Z = 10−2Z, and Z = 10−4Z.
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Figure 4.18: Effects of the CRB on the Low Temperature Solar Abundance Cooling
Function.
of ηCRB. Molecular abundances are higher for smaller ηCRB due to less efficient de-
struction. The greatest differences are above 1000K, due to the changing abundance
of SiO, which only survives when the CRB is low. A ∼ 2 dex increase increase in
cooling is generated by SiO when ηCRB < 2×10−20 cm3s−1. Below 1000K, the leading
coolant depends on ηCRB, changing from H0 for ηCRB = 2 × 10−16 cm3s−1 to CO for
ηCRB = 0 cm
3s−1. The difference in the total cooling is less than 1 dex at these lower
temperatures.
4.5 ISM Case
In the interstellar medium, the existence of dust can change the gas cooling. Figure
4.19 shows the cooling functions for ISM cases for nH ≤ 105 cm−3. Numerical values
are given in Table 4.7. The differences in the cooling functions between each density
in the ISM case are similar to those in the solar abundance case. Low-densities cases
are similar to one another because the CRB destroys molecules and the cooling is
atomic. At higher densities, molecules become important and the cooling function
becomes more complex.
We compare the ISM cooling and the dust-free (solar) cooling in Figure 4.20.
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Table 4.7: Low Temperature ISM Cooling Function
Temperature Λ(n = 0) Λ(n = 1) Λ(n = 2) Λ(n = 3) Λ(n = 4) Λ(n = 5)
(K) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1) (erg cm3 s−1)
1.00× 101 4.33× 10−29 4.05× 10−29 2.61× 10−29 9.21× 10−30 2.59× 10−30 1.44× 10−30
1.12× 101 5.74× 10−29 5.36× 10−29 3.43× 10−29 1.19× 10−29 2.97× 10−30 1.64× 10−30
1.26× 101 7.48× 10−29 6.96× 10−29 4.43× 10−29 1.50× 10−29 3.39× 10−30 1.86× 10−30
1.41× 101 9.57× 10−29 8.89× 10−29 5.61× 10−29 1.86× 10−29 3.88× 10−30 2.10× 10−30
1.58× 101 1.21× 10−28 1.12× 10−28 7.01× 10−29 2.27× 10−29 4.42× 10−30 2.35× 10−30
1.78× 101 1.50× 10−28 1.39× 10−28 8.63× 10−29 2.74× 10−29 5.03× 10−30 2.62× 10−30
2.00× 101 1.84× 10−28 1.69× 10−28 1.05× 10−28 3.24× 10−29 5.70× 10−30 2.92× 10−30
2.24× 101 2.23× 10−28 2.05× 10−28 1.25× 10−28 3.80× 10−29 6.46× 10−30 3.26× 10−30
2.51× 101 2.67× 10−28 2.44× 10−28 1.47× 10−28 4.37× 10−29 7.26× 10−30 3.64× 10−30
2.82× 101 3.15× 10−28 2.86× 10−28 1.70× 10−28 4.96× 10−29 8.13× 10−30 4.07× 10−30
3.16× 101 3.68× 10−28 3.32× 10−28 1.95× 10−28 5.55× 10−29 9.08× 10−30 4.54× 10−30
3.55× 101 4.24× 10−28 3.81× 10−28 2.21× 10−28 6.13× 10−29 1.01× 10−29 5.06× 10−30
3.98× 101 4.83× 10−28 4.32× 10−28 2.47× 10−28 6.70× 10−29 1.11× 10−29 5.64× 10−30
4.47× 101 5.45× 10−28 4.85× 10−28 2.77× 10−28 7.24× 10−29 1.23× 10−29 6.28× 10−30
5.01× 101 6.10× 10−28 5.40× 10−28 3.05× 10−28 7.76× 10−29 1.35× 10−29 6.99× 10−30
5.62× 101 6.77× 10−28 5.97× 10−28 3.39× 10−28 8.30× 10−29 1.48× 10−29 7.80× 10−30
6.31× 101 7.47× 10−28 6.58× 10−28 3.70× 10−28 9.05× 10−29 1.63× 10−29 8.72× 10−30
7.08× 101 8.21× 10−28 7.23× 10−28 4.02× 10−28 9.47× 10−29 1.81× 10−29 9.77× 10−30
7.94× 101 8.99× 10−28 7.94× 10−28 4.36× 10−28 1.02× 10−28 2.02× 10−29 1.10× 10−29
8.91× 101 9.85× 10−28 8.73× 10−28 4.74× 10−28 1.09× 10−28 2.28× 10−29 1.24× 10−29
1.00× 102 1.08× 10−27 9.62× 10−28 5.18× 10−28 1.21× 10−28 2.61× 10−29 1.41× 10−29
1.12× 102 1.19× 10−27 1.06× 10−27 5.72× 10−28 1.37× 10−28 3.08× 10−29 1.62× 10−29
1.26× 102 1.31× 10−27 1.18× 10−27 6.47× 10−28 1.64× 10−28 3.78× 10−29 1.89× 10−29
1.41× 102 1.45× 10−27 1.31× 10−27 7.38× 10−28 2.07× 10−28 4.87× 10−29 2.25× 10−29
1.58× 102 1.62× 10−27 1.47× 10−27 8.70× 10−28 2.91× 10−28 6.55× 10−29 2.34× 10−29
1.78× 102 1.84× 10−27 1.68× 10−27 1.06× 10−27 4.51× 10−28 8.26× 10−29 1.12× 10−29
2.00× 102 2.09× 10−27 1.88× 10−27 1.30× 10−27 6.84× 10−28 1.22× 10−28 1.41× 10−29
2.24× 102 2.38× 10−27 2.16× 10−27 1.72× 10−27 1.02× 10−27 2.09× 10−28 2.77× 10−29
2.51× 102 2.70× 10−27 2.49× 10−27 2.15× 10−27 1.55× 10−27 3.76× 10−28 6.33× 10−29
2.82× 102 3.05× 10−27 2.84× 10−27 2.80× 10−27 2.20× 10−27 6.78× 10−28 1.48× 10−28
3.16× 102 3.44× 10−27 3.25× 10−27 3.92× 10−27 3.00× 10−27 9.86× 10−28 3.38× 10−28
3.55× 102 3.87× 10−27 3.85× 10−27 5.19× 10−27 4.02× 10−27 1.29× 10−27 5.74× 10−28
3.98× 102 4.34× 10−27 4.40× 10−27 7.37× 10−27 5.28× 10−27 1.68× 10−27 7.84× 10−28
4.47× 102 4.85× 10−27 5.05× 10−27 8.81× 10−27 6.91× 10−27 2.23× 10−27 1.02× 10−27
5.01× 102 5.41× 10−27 5.79× 10−27 1.12× 10−26 8.97× 10−27 3.01× 10−27 1.36× 10−27
5.62× 102 6.04× 10−27 6.68× 10−27 1.67× 10−26 1.17× 10−26 4.16× 10−27 1.83× 10−27
6.31× 102 6.74× 10−27 7.71× 10−27 1.77× 10−26 1.53× 10−26 5.72× 10−27 2.45× 10−27
7.08× 102 7.55× 10−27 8.90× 10−27 2.40× 10−26 2.03× 10−26 7.72× 10−27 3.16× 10−27
7.94× 102 8.52× 10−27 1.03× 10−26 3.31× 10−26 2.70× 10−26 1.02× 10−26 3.81× 10−27
8.91× 102 9.71× 10−27 1.19× 10−26 4.15× 10−26 3.62× 10−26 1.33× 10−26 4.47× 10−27
1.00× 103 1.11× 10−26 1.38× 10−26 5.52× 10−26 4.88× 10−26 1.71× 10−26 5.73× 10−27
1.12× 103 1.28× 10−26 1.58× 10−26 8.87× 10−26 7.24× 10−26 2.60× 10−26 1.07× 10−26
1.26× 103 1.50× 10−26 1.79× 10−26 1.33× 10−25 1.04× 10−25 4.12× 10−26 1.90× 10−26
1.41× 103 1.76× 10−26 2.04× 10−26 1.87× 10−25 1.52× 10−25 6.99× 10−26 2.70× 10−26
1.58× 103 2.08× 10−26 2.31× 10−26 2.49× 10−25 2.31× 10−25 1.22× 10−25 3.45× 10−26
1.78× 103 2.45× 10−26 2.63× 10−26 3.20× 10−25 3.62× 10−25 1.79× 10−25 4.19× 10−26
2.00× 103 2.88× 10−26 3.00× 10−26 3.94× 10−25 5.59× 10−25 2.38× 10−25 4.93× 10−26
2.24× 103 3.37× 10−26 3.49× 10−26 4.50× 10−25 8.07× 10−25 3.02× 10−25 5.59× 10−26
2.51× 103 3.94× 10−26 4.10× 10−26 4.84× 10−25 1.09× 10−24 3.67× 10−25 6.20× 10−26
2.82× 103 4.63× 10−26 4.87× 10−26 4.76× 10−25 1.40× 10−24 4.28× 10−25 6.76× 10−26
3.16× 103 5.44× 10−26 5.78× 10−26 4.13× 10−25 1.70× 10−24 4.79× 10−25 7.22× 10−26
3.55× 103 6.40× 10−26 6.77× 10−26 3.27× 10−25 1.98× 10−24 5.18× 10−25 7.54× 10−26
3.98× 103 7.43× 10−26 7.70× 10−26 2.39× 10−25 2.16× 10−24 5.41× 10−25 7.76× 10−26
4.47× 103 8.39× 10−26 8.42× 10−26 1.68× 10−25 2.13× 10−24 5.43× 10−25 7.84× 10−26
5.01× 103 9.31× 10−26 8.86× 10−26 1.17× 10−25 1.77× 10−24 5.09× 10−25 7.68× 10−26
5.62× 103 1.01× 10−25 8.90× 10−26 8.04× 10−26 1.11× 10−24 4.24× 10−25 7.13× 10−26
6.31× 103 1.05× 10−25 8.45× 10−26 5.60× 10−26 5.49× 10−25 2.92× 10−25 6.10× 10−26
7.08× 103 1.08× 10−25 7.66× 10−26 4.09× 10−26 2.53× 10−25 1.67× 10−25 4.83× 10−26
7.94× 103 1.11× 10−25 6.88× 10−26 3.29× 10−26 1.23× 10−25 8.78× 10−26 3.71× 10−26
8.91× 103 1.22× 10−25 6.38× 10−26 2.90× 10−26 6.64× 10−26 4.61× 10−26 2.76× 10−26
1.00× 104 1.67× 10−25 6.87× 10−26 2.89× 10−26 4.12× 10−26 3.11× 10−26 2.66× 10−26
Note: n = log(nH), nH in unit of cm−3.
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Figure 4.19: Low Temperature ISM Cooling Function. Different colors represent
different hydrogen densities.
Dust causes a less than 0.5 dex difference in the cooling function for nH = 1 cm−3.
In the nH = 102 cm−3 regime, the ISM case cooling function is 2 dex higher than
the dust free case around 2000K. For nH = 104 cm−3, the ISM cooling function is
about 1 order lower than the dust-free case and the shape of these cooling functions
are different around 4000K.
Dust does not directly contribute to the cooling. Rather, it changes the cooling
through changing the gas chemistry composition. This occurs because certain ele-
ments are depleted from the gas phase when grains form (Kingdon et al. 1995), and
because the catalytic role grains play in the chemistry. The middle panel of the Fig-
ure 4.20 shows the total cooling function and the H2 cooling function of both the ISM
case and solar case at a density of nH = 102 cm−3. It is clear that the enhanced H2
cooling changes the total dust-case cooling function. An increase in the H2 abundance
caused by grain formation of H2 causes enhanced H2 cooling. For nH = 104 cm−3, we
can see from top panel of the Figure 4.20 that when dust appears, H2 replaces SiO
as the leading coolant around 4000K, and CS, rather than CO, becomes the major
coolant under 1000K.
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Figure 4.20: Comparison of the Low Temperature ISM and Solar Abundance Cooling
Function
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4.6 Conclusion
In this work, we calculated the time steady CIE cooling function at low temperature
(10 K < T < 104 K) over a broad range of density (1 cm−3 < nH < 1010 cm−3 for
dust-free cases and 1 cm−3 < nH < 104 cm−3), and for dust-free cases, a range of
metallicity 0 < Z < 10Z. We provide numerical versions of out cooling data in
online tables. Here we summarize the main conclusions of the Chapter:
1. Previous work had found that, in the primordial case, H2 and HD molecular
cooling is collisionally suppress for temperatures above 103K. Instead we find
that the cooling continues to increase. This is because of the role played by
high vibration levels, which are included in our calculation.
2. For gas kinetic temperatures above 4000K, we find that high H2 rovibration level
populations are greater than thermal due to H2 formations pumping. These
levels heat the gas.
3. We test the common assumption Λ = Λ(T )−Λ(TCMB) for low temperatures HD
cooling. We show that this assumption is fairly accurate and has a 20% 30%
error when comparing with our exact results.
4. For dust-free solar abundances, atoms and ions are the main coolants in low den-
sity (nH < 103 cm−3) environments due to the CRB dissociation of molecules.
SiO is the leading cooling above 2000K when nH > 103 cm−3. CO dominates
lower temperatures when 103 cm−3 < nH < 108 cm−3. We also find that H2O
cooling is dominant at higher densities.
5. We identify the density above which metals or metal molecules dominate the
total cooling. We give this density as a function of temperature and metallicity.
6. We show how the presence of grains modifies the total cooling. We find that dust
does not provide cooling directly. Rather, it changes the cooling by changing
the chemistry and ghrough its depletion of certain elements from the gas phase.
The H2 abundance and cooling both increase when dust is present. CS replaces
CO and domains the low temperature (<100K ) cooling when nH ∼ 104 cm−3.
Copyright© Ye Wang, 2014.
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Chapter 5 Conclusions
This work explores the structure of broad line region and cooling function in multiple
environments, especially in high density and high metallicity environments, which are
environments active galactic Nuclei have. The results of this work can be applied to
studies of the star forming disk in AGN and researches of the viscosity of the α-disk
mode. Here is the main results of this work.
In Chapter 2, I investigate the intervening BLR clouds’ optical/ultraviolet spec-
troscopic features. I find that a single BLR cloud crossing the line-of-sight will not
generate a observable feature in optical/UV spectra as same as it in X-ray spectra.
An ensemble of clouds will, however, generates observable features in optical/UV
spectra: a strong broad extinction feature will be present between Lyα and the Ly-
man limit and there is no spectral break at the Lyman limit because the clouds have
continuous optical depths greater than unity for much of the region below Lyα. When
an ensemble of clouds crossing the line of sight, the FUV spectrum is depressed by
a factor related to the line of sight covering factor of the ensemble of clouds. This
spectral suppression has been observed by AGN observations.
In Chapter 3, I study the high temperature (T > 104 K) cooling function over
a wide range of density (nH < 1012 cm−3) and metallicity (Z < 30Z). I find that
increasing density not only change the cooling function by collisional de-excitation,
but also altering the ionization status of gas. The collisional de-excitation is important
below 106 K. For higher temperature, continuous emission domains the total cooling,
and collisional de-excitation does not affect it. Density induced ionization shift is
important below 105 K. It change the cooling by change the collider (mainly electron
in this temperature) and coolants density. I also find metallicity change cooling
function, other than by change the metal elements abundance directly, by influence
the ionization status. In this Chapter, I provide numerical data and fitting functions
for cooling function and electron fraction in multiple environments. I also provide
C++ and python code of these functions in Appendix B.
In Chapter 4, I research into the seldon-explored low temperature (T < 104 K)
cooling function. I find that, in primordial case, H2 and HD molecular cooling of
high roviberation level continues to increase above 103K, while previous work suggest
they are collisionally suppressed. For solar abundances, I find atoms and ions are the
main coolants in low density (nH < 103 cm−3) due to the existence of CRB. I also
identify that H2O domains the high density (nH > 108 cm−3) cooling. CO is used to
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be believed as main coolant in this range. Other than these, I provide the densities
above which the metal elements or the molecules contains metal elements domain
the total cooling function. For ISM abundances, I find that dust does not provide
considerable cooling directly. Rather, it changes total cooling by changing abundance
of other coolants, such as H2. Same with Chapter 3, I provide the numerical cooling
data in this Chapter.
Copyright© Ye Wang, 2014.
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Appendix A Ionization Shift
In the simplest collisionally ionized case the ionization distribution is only a function
of temperature. The ionization balance equations becomes
nenI0C = nenI+α (A.1)
where ne is the electron density, I stands for an ion or atom, C is the collisional
ionization rate coefficient from the ground state, and α is the radiative recombination
rate coefficient (erg cm3 s−1) for all states. We can see that the electron density
cancels out. Thus, when the plasma reaches ionization equilibrium, the ionization
depends on the ratio of the two rate coefficients, which are functions of temperature.
However, in our calculations, we find that both density and metallicity change the
hydrogen ionization, the electron fraction, and the ionization of the heavy elements,
by a significant amount. We call this change the ionization shift. Here we discuss the
physical reasons why the density and metallicity have an influence on the ionization.
A.1 Ionization Shift Due to Density
The ionization of hydrogen over a very wide range of density has been considered by
Bates et al. (1962) and Summers (1972, 1974). Here we use Cloudy to demonstrate
how the ionization changes because of density.
We consider the simplest model: a pure hydrogen plasma at a temperature of
T = 12600 K with a range of densities. The red solid line in Figure A.1 shows our
computed ionization of hydrogen as a function of density.
The ionization is nearly constant at densities lower than nH = 108 cm−3. Over this
range the leading contributors to the ionization and recombination rates are electron
collisional ionization from the ground state and radiative recombination. This is a
“two level” system, with only these two terms. Considering the fact that the electron
density cancels out, the solution is
nH+
nH0
=
C
α
(A.2)
The green line in Figure A.1 shows this solution. The ionization and recombination
rate coefficients used here come from Voronov (1997) and Osterbrock & Ferland
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Figure A.1: Ionization Shift Due to Density. The solid red line is the numerical result,
the green dashed line is the 2-level system result, and the blue dotted line is the result
given by the Saha Equation.
(2006), respectively. This is clearly a good approximation at low densities, where Eq
(A.2) overlaps with our complete simulations, although it fails when nH > 108 cm−3.
The gas is in thermodynamic equilibrium (TE) in the high-density limit. In TE
the ionization is described by the Saha equation, which, for pure hydrogen, is
nH+
nH0
=
1
ne
(
2pimekT
h2
)
3
2 e−
13.6 eV
kT (A.3)
where me is electron mass and h is Planck constant. This is shown as the blue dotted
line in Fig A.1. In this limit the ionization is inversely proportional to the electron
density. The calculations show that our computed ionization goes over to this TE
limit when nH > 1015 cm−3. As the figure shows, the ionization is suppressed at high
density.
CLOUDY actually solves for the ionization using model hydrogen and helium
atoms with many bound levels. The computed ionization is seen to smoothly vary
between the asymptotic low and high-density limits. At intermediate densities,
108 cm−3 < nH < 1015 cm−3, the ionization lies between these two limits. In this
range, the increasing density enhances both the ionization and recombination coef-
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ficients. The ionization rate increases because of the increasing importance of colli-
sional ionization from excited levels. On the other hand, 3-body recombination also
becomes important, and thus increases the total recombination coefficient. At inter-
mediate densities, the extra ionization dominates recombination and the ionization
increases as a result.
The ionization of the heavy elements is also found to depend on density, but by
a smaller amount. These are treated assuming the effective two-level atom described
above. Unlike hydrogen, most heavy elements recombine by dielectronic recombina-
tion Osterbrock & Ferland (2006). This process is collisionally suppressed at high
densities (Davidson 1975). The decrease in the recombination rate produces a small
increase in the ionization of the heavy elements at higher densities, as suggested by
Eq (A.2).
A.2 ionization Shift Due to Metallicity
The ionization is also affected by changes in the metallicity. Charge transfer with
hydrogen plays an important role in the ionization equilibrium, especially for T = 1×
104 ∼ 2× 104 K. For simplicity, consider the temperatures where gas consists almost
entirely of atoms and first ions. The ionization-equilibrium equation of hydrogen can
be written as
nH0neC +
∑
I
nH0nI+C
i
X = nH+neα +
∑
I
nH+nI0C
r
X (A.4)
where e stands for electrons, CiX is hydrogen charge transfer ionization rate coefficient,
CiX represents hydrogen recombination rate coefficient due to charge transfer and I0
and I+ are the atom and ion of a heavy element, respectively. In this equation, we
see, when charge transfer ionization and recombination are comparable with other
sources of ionization and recombination, hydrogen’s ionization will be sensitive to the
heavy-element abundance and ionization.
In our case, tests show that hydrogen’s ionization changes due to charge exchange
with magnesium by the reaction Mg0 + H+ → Mg+ + H0. We use charge transfer
rates from Kingdon & Ferland (1996). For the 30Z and T = 12600 K case, the rate
of hydrogen charge transfer is nI0CrX ∼ 7 × 10−14 s−1, while the hydrogen radiative
recombination rate is neα ∼ 1.5× 10−14 s−1. This means that charge transfer causes
hydrogen to become more neutral, as Figure A.2 shows. Most of the other elements,
such as O, couple with hydrogen, so the plasma ionization changes.
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Figure A.2: The Ionization Shift due to Metallicity.
The importance of Mg is a surprising result because the Mg charge exchange rate
is significantly smaller than the resonant O–H charge exchange rate Osterbrock &
Ferland (2006). O-H charge exchange goes in both directions, causing ionization and
neutralization, so the O ionization couples to that of H, without the H ionization
being strongly affected.
Copyright© Ye Wang, 2014.
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Appendix B Code
Here gives the Python script (contains cooling.py) and C++ code (contains cooling.h
and cooling.cpp) for high temperature cooling function.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
cooling.py
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
#! /usr/bin/env python3
import sys, math
def CoolingFunction(T, n, Z):
# Thomson cross-section, cm^2
THOMSON_CROSS_SECTION = 6.65e-25
# light speed, cm/s
LIGHT_SPEED = 2.99792458e10
# fine structure constant
FINE_STRUCTURE_CONSTANT = 7.2973525698e-3
# boltzmann constant, erg/K
BOLTZMANN_CONSTANT = 1.3806488e-16
# electron mass, gram
ELECTRON_MASS = 9.10938291e-28
# electron density/hydrogen density at solar abudance and
# fully ionized status, value here derived with abundance
# GASS discribed in CLOUDY */
HIGH_T_ELECTRON_FRACTION = 1.1792
# Eq 6 of Wang et al.2014
lh_a = 4.86567e-13
lh_b = -2.21974
lh_c = 1.35332e-5
lh_d = 9.64775
lh_e = 1.11401e-9
lh_f = -2.66528
101
lh_g = 6.91908e-21
lh_h = -0.571255
lh_i = 2.45595e-27
lh_j = 0.49521
Lambda_h = ((lh_a * math.pow(T,lh_b) + math.pow(lh_c * T,lh_d)
*(lh_e * math.pow(T,lh_f) + lh_g * math.pow(T,lh_h)))
/ (1 + math.pow(lh_c * T, lh_d)) + lh_i * math.pow(T,lh_j))
# Eq 7 of Wang et al.2014
dh_a = 2.84738
dh_b = 3.62655e13
dh_g1 = -3.18564e-4
dh_g2 = 4.8323e-3
dh_g3 = -0.0225974
dh_g4 = 0.0245446
dh_g = (dh_g1 * math.pow(n,4) + dh_g2 * math.pow(n,3)
+ dh_g3 * math.pow(n,2) + dh_g4 * n + 1)
D_h = (( math.pow(T,dh_a) + dh_b * dh_g )
/( math.pow(T,dh_a) + dh_b ))
# Eq 9 of Wang et al.2014
lm_a = 6.88502e30
lm_b = -1.90262
lm_c = 2.48881e17
lm_d = 0.771176
lm_e = 3.00028e-28
lm_f = 0.472682
Lambda_m = (lm_e * math.pow(T,lm_f)
+ math.pow((lm_a * math.pow(T, lm_b)
+ lm_c * math.pow(T, lm_d)), -1))
# Eq 10 of Wang et al.2014
dm_a = 3.29383
dm_b = 8.82636e14
dm_g1 = 0.00221438
dm_g2 = -0.0353337
dm_g3 = 0.0524811
D_m = (( math.pow(T,dm_a) + dm_b
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* (dm_g1 * math.pow(n,3) + dm_g2 * math.pow(n,2)
+ dm_g3 * n + 1) )
/( math.pow(T,dm_a) + dm_b ))
# Eq 13 of Wang et al.2014
Lambda_e = (((HIGH_T_ELECTRON_FRACTION * FINE_STRUCTURE_CONSTANT
* THOMSON_CROSS_SECTION * math.pow(BOLTZMANN_CONSTANT,2))
/(ELECTRON_MASS * LIGHT_SPEED))
* 2.63323e3 * math.pow(T,1.708064))
me_a = 0.00769985
# High Temperature Approximation of Eq 14 of Wang et al.2014
M_e = me_a * (Z - 1) + 1
Lambda = D_h * Lambda_h + D_m * Z * Lambda_m + M_e * Lambda_e
return Lambda
def CoolingRate(T, n, Z):
Lambda = CoolingFunction(T, n, Z)
# Election fraction, Eq 12 of Wang et al.2014
E = 2.1792 - math.exp(3966.27/T)
a = 0.00769985
b = 24683.1
c = 0.805234
# Eq 14 of Wang et al.2014
M = ((a * Z - a + 1) * math.pow(T,c) + b)/(math.pow(T,c) + b)
rate = E * M * math.pow(math.pow(10,n),2) * Lambda
return rate
def main():
if( len(sys.argv) != 4 ):
print('ERROR: I don\'t get all argument I need!')
print('Please provide temperature, density, and metallicity!')
sys.exit(1)
T = float(sys.argv[1])
if( T < 1e4 or T > 1e10 ):
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print('Caution: Temperature is out of fit range!\n')
n = float(sys.argv[2])
if( n > 10 ):
print('Caution: Density is out of fit range!\n')
Z = float(sys.argv[3])
if( Z > 30 ):
print('Caution: Metallicity is out of fit range!\n')
CF = CoolingFunction(T, n, Z)
CR = CoolingRate(T, n, Z)
print('CoolingFunction is {0:e} and CoolingRate is {1:e}'
.format(CF, CR))
if __name__ == '__main__':
main()
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
cooling.h
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
#ifndef COOLING_H_
#define COOLING_H_
#include "stdio.h"
#include "math.h"
/* to avoid name corruption, all variables and funcitons are
* using namespace 'Cooling' now */
namespace Cooling
{
/* Replace these constants with yours, if you have difined
* them in your code */
/* Thomson cross-section, cm^2 */
const float THOMSON_CROSS_SECTION = 6.65e-25;
/* light speed, cm/s */
const float LIGHT_SPEED = 2.99792458e10;
/* fine structure constant */
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const float FINE_STRUCTURE_CONSTANT = 7.2973525698e-3;
/* boltzmann constant, erg/K */
const float BOLTZMANN_CONSTANT = 1.3806488e-16;
/* electron mass, gram */
const float ELECTRON_MASS = 9.10938291e-28;
/* electron density/hydrogen density at solar abudance and
* fully ionized status, value here derived with abundance
* GASS discribed in CLOUDY */
const float HIGH_T_ELECTRON_FRACTION = 1.1792;
/* change type to what you use, T is temperature (K), n is log(n_H),
* n_H in unit of cm-3, Z is metallicity in unit of Z_sun
* CoolingFunction return a cooing function in unit of erg cm3 s-1*/
float CoolingFunction(float T, float n, float Z);
/* CoolingRate return cooling rate in unit of erg cm-3 s-1 */
float CoolingRate(float T, float n, float Z);
}
#endif
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
cooling.cpp
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
#include "cooling.h"
/* Calculate Cooling Function */
float Cooling::CoolingFunction(float T, float n, float Z)
{
using namespace Cooling;
float Lambda;
/* Eq 6 of Wang et al.2014 */
float lh_a = 4.86567e-13;
float lh_b = -2.21974;
float lh_c = 1.35332e-5;
float lh_d = 9.64775;
float lh_e = 1.11401e-9;
float lh_f = -2.66528;
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float lh_g = 6.91908e-21;
float lh_h = -0.571255;
float lh_i = 2.45595e-27;
float lh_j = 0.49521;
float Lambda_h = (lh_a * pow(T,lh_b) + pow(lh_c * T,lh_d)
*(lh_e * pow(T,lh_f) + lh_g * pow(T,lh_h))) /
(1 + pow(lh_c * T, lh_d)) + lh_i * pow(T,lh_j);
//printf("Lambda_h is %e\n", Lambda_h);
/* Eq 7 of Wang et al.2014 */
float dh_a = 2.84738;
float dh_b = 3.62655e13;
float dh_g4 = -3.18564e-4;
float dh_g3 = 4.8323e-3;
float dh_g2 = -0.0225974;
float dh_g1 = 0.0245446;
float dh_g = dh_g4 * pow(n,4) + dh_g3 * pow(n,3)
+ dh_g2 * pow(n,2) + dh_g1 * n + 1;
float D_h = ( pow(T,dh_a) + dh_b * dh_g )
/( pow(T,dh_a) + dh_b );
//printf("D_h is %e\n", D_h);
/* Eq 9 of Wang et al.2014 */
float lm_a = 6.88502e30;
float lm_b = -1.90262;
float lm_c = 2.48881e17;
float lm_d = 0.771176;
float lm_e = 3.00028e-28;
float lm_f = 0.472682;
float Lambda_m = Z * (lm_e * pow(T,lm_f) +
pow((lm_a * pow(T, lm_b)
+ lm_c * pow(T, lm_d)), -1));
//printf("Lambda_m is %e\n", Lambda_m);
/* Eq 10 of Wang et al.2014 */
float dm_a = 3.29383;
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float dm_b = 8.82636e14;
float dm_g3 = 0.00221438;
float dm_g2 = -0.0353337;
float dm_g1 = 0.0524811;
float D_m = ( pow(T,dm_a) + dm_b
* (dm_g3 * pow(n,3) + dm_g2 * pow(n,2)
+ dm_g1 * n + 1) )/( pow(T,dm_a) + dm_b );
//printf("D_m is %e\n", D_m);
/* Eq 11 of Wang et al.2014 */
float Lambda_e = ((HIGH_T_ELECTRON_FRACTION * FINE_STRUCTURE_CONSTANT
* THOMSON_CROSS_SECTION * pow(BOLTZMANN_CONSTANT,2))
/(ELECTRON_MASS * LIGHT_SPEED))
* 2.63323 * pow(T,1.708064);
float me_a = 0.00769985;
/* High Temperature Approximation of Eq 14 of Wang et al.2014 */
float M_e = me_a * (Z - 1) + 1;
Lambda = D_h * Lambda_h + Z * D_m * Lambda_m + M_e * Lambda_e;
return Lambda;
}
float Cooling::CoolingRate(float T, float n, float Z)
{
using namespace Cooling;
float rate;
float Lambda = CoolingFunction(T, n, Z);
/* Election fraction, Eq 12 of Wang et al.2014 */
float E = 2.1792 - exp(3966.27/T);
float a = 0.00769985;
float b = 24683.1;
float c = 0.805234;
/* Eq 14 of Wang et al.2014 */
float M = ((a * Z - a + 1) * pow(T,c) + b)/(pow(T,c) + b);
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rate = E * M * pow(pow(10,n),2) * Lambda;
return rate;
}
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Copyright© Ye Wang, 2014.
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